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The current research project consists of three experiments on motor asymmetry tasks.
Electroencephalogram (EEG) was applied to examine neural activation patterns in coincidence
with motor performance across ages. A total of 48 right-handed participants were recruited and
conducted the Perdue Pegboard test, graphic test, and aiming test. The three motor tasks were
designed to assess functional asymmetry at behavioral level. Brain activities were acquired
through EEG while performing the tasks. Measures of EEG signals were mean relative power of
12 electrodes. To examine movement-related brain activity, Mu rhythm within a frequency band
of 8 Hz to 12 Hz was filtered with a high-pass of 1 Hz and a low-pass of 50 Hz. Statistical
analyses aimed to examine effects of aging on motor asymmetry and hemispheric asymmetry.
One-way repeated ANOVA was first conducted on each age group separately to identify motor
asymmetry characterized by a significant difference between left hand and right hand. In
addition, two-way (Age × Hand) mixed design ANOVA was implemented to examine whether
age-related changes in motor asymmetry were significant.
The three motor tasks indicated significant motor asymmetry in young adults, with the
dominant (right) hand having an advantage over the nondominant (left) hand. However, no

significant results were identified in the manual performance of older adults, suggesting
reduction of motor asymmetry in aging population. In addition, the two-way ANOVA identified
a significant interaction effect between age and hand, which further confirmed the significant
changes in motor asymmetry over the life span. Hemispheric activation indicated consistent
pattern of changes with motor performance. Hemispheric activation of young adults was strongly
lateralized during motor performance, with the frontal regions in the contralateral hemisphere
being more activated than the corresponding regions in the ipsilateral hemisphere. On the other
hand, hemispheric activation of older adults indicated increased ipsilateral activation which
resulted in bilateral and symmetric patterns.
The current research substantiated hypothesis proposed in previous motor behavior
research that reduced motor asymmetry linked with less hemispheric lateralization in older
adults. Based on evidence from motor behavior and neural connectivity, we concluded that aging
reduces asymmetries at both behavioral and neural levels.

ACKNOWLEDGEMENTS
I would like to thank Dr. Pan, the chair of my committee for all of her support and
guidance during this entire process. The experience in the past three years is like a great
adventure and you lead my way in this wonderful academic exploration. I would also like to
thank Dr. Chen and Dr. Lamberth who gave me so much help to initiate and administer the Tai
Chi community service project in the last two years. All those efforts and happiness when had
from the project will be the greatest memory in my life. I am also grateful to Dr. Knight who has
been monitoring the whole progress of my study, so that I can always keep my schedule in this
process. In addition, Dr. Knight’s trust in my teaching competence is always appreciated. The
valuable experience of teaching the biomechanics lab is a milestone in my growth from a student
to an instructor. Dr. Pan and I have been working closely with Dr. Aiken. We have multiple
research project undergoing and I truly hope this working relationship will continue in future. It
is Dr. Aiken’s help that made my first publication into real. No words can express my excitement
and gratitude at that moment. Finally, I want to thank my family who always pushed me to
succeed academically and I would not be the person I am today without their support.

iv

TABLE OF CONTENTS
ACKNOWLEDGEMENTS ........................................................................................................... iv
LIST OF TABLES ......................................................................................................................... ix
LIST OF FIGURES .........................................................................................................................x
CHAPTER
I.

INTRODUCTION ............................................................................................................1
Hemispheric Lateralization and Motor Asymmetry ..........................................................1
Hemispheric Lateralization .........................................................................................2
Motor Asymmetry .......................................................................................................4
Age-related Effects on Hemispheric Lateralization ..........................................................5
Cortical Overactivation as Compensation ...................................................................6
Cortical Overactivation as Dedifferentiation...............................................................9
Age-related Effects on Motor Asymmetry ................................................................10
EEG Research on Brain Asymmetry ...............................................................................14
Introduction of EEG ..................................................................................................14
EEG Research on Brain Asymmetry .........................................................................15
Dissertation Outlines .......................................................................................................16

II.

LITERATURE REVIEW ...............................................................................................17
Literature Search .............................................................................................................17
Results .............................................................................................................................20
Discussion........................................................................................................................23
Cortical Overactivation and Reduced Hemispheric Lateralization in Aging ............23
Neuroimaging Techniques.........................................................................................25
Neural Models ...........................................................................................................26
Future Direction...............................................................................................................28

III.

AGE-RELATED EFFECTS ON HEMISPHERIC ASYMMETRY AND MOTOR
ASYMMETRY: PURDUE PEGBOARD TEST ................................................32
Introduction .....................................................................................................................32
Methods ...........................................................................................................................35
Participants and Recruitment Procedures ..................................................................35
Breakdown of Study Procedures ...............................................................................36
v

Manual Dexterity Test ...............................................................................................37
Rationale for the test. ...........................................................................................37
Study protocol. ....................................................................................................38
Measure of Cortical Activation .................................................................................39
Statistics .....................................................................................................................41
Results .............................................................................................................................42
Motor Asymmetry Associated with Aging................................................................42
Brain Asymmetry Associated with Aging .................................................................44
Hemispheric activation in relation to the right-hand performance. .....................44
Hemispheric activation in relation to the left-hand performance. .......................46
Discussion........................................................................................................................47
IV.

AGE-RELATED EFFECTS ON HEMISPHERIC ASYMMETRY AND MOTOR
ASYMMETRY: GRAPHIC TEST .....................................................................51
Introduction .....................................................................................................................51
Methods ...........................................................................................................................54
Study Protocol ...........................................................................................................54
Kinematic Measures ..................................................................................................55
Mean velocity. .....................................................................................................56
Peak velocity. ......................................................................................................56
Ratio of the deceleration phase (RDP). ...............................................................56
Outcome Measure ......................................................................................................57
Stroke size. ..........................................................................................................57
Results .............................................................................................................................57
Motor Asymmetry Associated with Aging................................................................57
Mean velocity. .....................................................................................................57
Peak velocity. ......................................................................................................60
Ratio of deceleration phase (RDP). .....................................................................61
Stroke size. ..........................................................................................................63
Hemispheric Asymmetry Associated with Aging .....................................................65
Hemispheric activation associated with right-hand performance. ......................65
Hemispheric activation associated with left-hand performance. .........................66
Discussion........................................................................................................................68
Age-related Changes in Motor Asymmetry – Handwriting ......................................68
Age-related Changes in Hemispheric Lateralization .................................................71
Reduced Asymmetry in Both Manual Performance and Hemispheric Activation....72

V.

AGE-RELATED EFFECTS ON HEMISPHERIC ASYMMETRY AND MOTOR
ASYMMETRY: AIMING TEST .......................................................................74
Introduction .....................................................................................................................74
Methods ...........................................................................................................................77
Participants ................................................................................................................77
Study Protocol ...........................................................................................................77
Kinematic Measures ..................................................................................................79
vi

Statistics .....................................................................................................................80
Results .............................................................................................................................80
Motor Asymmetry Associated with Aging................................................................80
Mean velocity. .....................................................................................................80
Peak velocity. ......................................................................................................82
Ratio of deceleration phase (RDP). .....................................................................83
Normalized jerk. ..................................................................................................84
Hand path curvature. ...........................................................................................86
Hemispheric Asymmetry Associated with Aging .....................................................87
Hemispheric activation associated with right-hand performance. ......................87
Hemispheric activation associated with left-hand performance. .........................89
Discussion........................................................................................................................90
VI.

SUMMARY AND DISCUSSION ..................................................................................95
Summary of Results ........................................................................................................95
Discussion on the Results ................................................................................................97
Influences of Task on Motor Asymmetry .................................................................97
Paradox in the Mechanisms Underlying Reduced Motor Asymmetry in Aging.....100
Interpretations for Age-related Reductions in Hemispheric Lateralization based on
Motor Asymmetry Findings ........................................................................102
Limitations .....................................................................................................................105
Future Direction.............................................................................................................106

REFERENCES ............................................................................................................................108
APPENDIX
A.

INSTITUTIONAL REVIEW BOARD APPROVAL AND INFORMED CONSENT
DOCUMENT ....................................................................................................120
Institutional Review Board Approval ............................................................................121
Informed Consent Form for Participation in Research..................................................122
Recruitment Flyer ..........................................................................................................126

B.

PROCEEDING PAPER FOR 19TH INTERNATION GRAPHONOMICS
CONFERENCE ................................................................................................127
Aging Reduces Performance Asymmetry between the Hands in Force Production and
Manual Dexterity ...............................................................................................128
Abstract....................................................................................................................128
Introduction .............................................................................................................129
Methods ...................................................................................................................130
Participants. .......................................................................................................130
Testing protocol and outcomes. .........................................................................130
Statistical analysis. ............................................................................................131
Results .....................................................................................................................131
vii

ANOVA on manual asymmetry. .......................................................................131
Correlation between the tests.............................................................................134
Correlation between left and right hand for each test........................................134
Manual preference .............................................................................................135
Discussion................................................................................................................136
References .....................................................................................................................138

viii

LIST OF TABLES
Table 1

Characteristics of the Motor Function Studies Utilizing Neuroimaging
Techniques .......................................................................................................18

Table 2

Summary of Motor Tasks and Variables Included in the Current Research
Project ..............................................................................................................33

Table 3

Procedures of Data Collection .....................................................................................36

Table 4

Summary of Motor Performance and Relative Power of Hemispheric
Activation in the Purdue Pegboard Test ..........................................................43

Table 5

Summary of Kinematic Measures and Relative Power of Hemispheric
Activation in the Graphic Test .........................................................................59

Table 6

Summary of Kinematic Measures and Relative Power of Hemispheric
Activation in the Aiming Test..........................................................................81

Table B1 Correlation Coefficients (r) between the Scores on the Two Tests ...........................134
Table B2 Correlation Coefficients (r) between the Left and Right Hand for Each Task ..........135
Table B3 Fisher Z-transformation based on Correlation Coefficients between Young
and Older Group ............................................................................................135

ix

LIST OF FIGURES
Figure 1. Cognitive performance and PFC activity (Dolcos et al., 2002). ....................................8
Figure 2. Cortical activation patterns in younger and older adults (Sailer et al., 2000). .............23
Figure 3. Cortical activation of younger (upper) and older adults (lower) during finger
tapping at 2 Hz and 6 Hz (Riecker et al., 2006). ..............................................24
Figure 4. Positions of the Emotiv EPOC electrodes aligned with the 10–20 system
(Ramirez et al., 2015).......................................................................................39
Figure 5. Purdue Pegboard test performed by younger and older adults. ...................................44
Figure 6. Cortical activation in association with right hand performance in the Purdue
Pegboard test. ...................................................................................................45
Figure 7. Cortical activation in association with left hand performance in the Purdue
Pegboard test. ...................................................................................................47
Figure 8. Demonstration of the graphic test. ...............................................................................54
Figure 9. Mean velocity of the graphic tasks performed by young and older adults. .................58
Figure 10. Peak velocity of the graphic tasks performed by young and older adults. ..................60
Figure 11. RDP of the graphic task performed by young and older adults. ..................................62
Figure 12. Stroke size of the graphic task performed by young and older adults. ........................63
Figure 13. Stroke size of the graphic task performed by young and older adults. ........................65
Figure 14. Cortical activation in association with right hand performance in the graphic
test. ...................................................................................................................66
Figure 15. Cortical activation in association with left hand performance in the graphic
test. ...................................................................................................................67
Figure 16. Experimental design for the aiming test. .....................................................................78
Figure 17. Mean velocity of the aiming task performed by young and older adults.....................82
x

Figure 18. Peak velocity of the aiming task performed by young and older adults. .....................83
Figure 19. RDP of the aiming task. ...............................................................................................84
Figure 20. Normalized jerk of the aiming task. .............................................................................85
Figure 21. Hand path curvature of the aiming task. ......................................................................86
Figure 22. Cortical activation in association with right hand performance in the aiming
task. ..................................................................................................................88
Figure 23. Cortical activation in association with left hand performance in the aiming
task. ..................................................................................................................89
Figure 24. Hand movement path in the aiming task performed by young adults. ........................92
Figure 25. Hand movement path in the aiming task performed by older adults. ..........................93
Figure 26. Approaches to interpreting neural mechanisms based on single hand
performance. ..................................................................................................103
Figure 27. Approaches to interpreting neural mechanisms based on motor asymmetry
test. .................................................................................................................104
Figure B1. Manual performance of young and older adults across the tasks. .............................133

xi

CHAPTER I
INTRODUCTION
Hemispheric Lateralization and Motor Asymmetry
The current research was conducted to investigate the potential connection between
reduced motor and hemispheric lateralization associated with aging. The research consisted of
three hand function experiments regarding force production, manual dexterity, and drawing. In
addition to the assessments of motor performance, electroencephalogram (EEG) was applied to
detect brain activities when subjects were performing the motor tasks. The first experiment was
based on a widely applied clinical test, the Purdue Pegboard test, which assessed the
performance outcome of manual dexterity. The other two experiments, graphic test and aiming
test, provided outcome measures as well as kinematic patterns for performance production. The
graphic experiment investigated biomechanical features related to a loop-drawing task, with a
variety of kinematic variables reflecting movement patterns of an individual’s handwriting. The
third experiment analyzed biomechanical features with respect to an aiming task in which
subjects directed a digital pen across a digitizer tablet to a given target. Movement patterns of the
aiming task were analyzed by kinematic variables, including mean velocity, peak velocity, ratio
of deceleration phase (RDP), hand path curvature, and normalized jerk. By making comparisons
between young adults and older adults in both behavioral and neural aspects, we aimed to
investigate age-related effects on neural reorganization and alterations in movement pattern.
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Hemispheric Lateralization
The human brain is a complex structure that controls sophisticated cognitive and motor
behavior. Anatomically, the cerebral cortex is divided into frontal, parietal, temporal, and
occipital lobes. Each lobe is specific to certain functions. The frontal lobe is known for
reasoning, planning, movement control, emotional regulation, personality, decision making, and
problem solving. The parietal lobe is associated with sensorimotor planning, learning, spatial
recognition, and perception of stimuli. The occipital lobe is mainly responsible for visual
processing. The temporal lobe is related to perception and recognition of auditory stimuli (Javed
& Lui, 2019). The cerebral cortex is also divided into left and right hemispheres. A simple
distinction of hemispheric functions for right-handed people is that left hemisphere is concerned
with language and logical processing whereas the right hemisphere is specified for nonverbal
skills such as spatial recognition (Badzakova-Trajkov, Häberling, Roberts, & Corballis, 2010;
Bryden, 2012; Sun & Walsh, 2006).
Functional differences between the hemispheres indicate that brain functions are highly
lateralized and asymmetric. Researchers have proposed models and theories to explain the
mechanisms of the brain asymmetries. One perspective attributes lateralized functions to
neuroanatomical differences between the hemispheres that have been found to exist even at birth
(Hugdahl, 2000; Caeyenberghs & Leemans, 2014). An alternative theory considers the cerebral
cortex to be a dynamic system and views lateral asymmetries as emerging dynamic factors that
change the overall level of activity in one hemisphere or the other. This view emphasizes the
spread of neural excitation from one portion of the cerebral cortex to adjacent areas (Bryden,
2012).
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The origins of brain lateralization have been explained from the evolutionary and
developmental perspectives. The evolutionary expansion of the left-hemisphere language
cortices, in particular, might have led to marked volume asymmetries in Broca’s speech area and
in other structures that are crucial for speech production, perception and motor dominance (Toga
& Thompson, 2003). Additionally, Lenneberg proposed that speech and language functions
gradually become more and more lateralized in the developing child, reaching full lateralization
at about the age of puberty (Lenneberg, 1967).
Indeed, the specification of the left hemisphere for language provided the earliest insight
into functional asymmetry of the brain. Prior to the existence of advanced neuroimaging
techniques, doctors and researchers understood the brain functions based on observations of
people with brain injury and their corresponding functional impairment. In 19th century, a French
doctor named Paul Broca and a German neurologist named Carl Wernicke found that language
functions could be severely impaired due to lesions in the left hemisphere (Broca, 1861;
Wernicke, 1874). Broca’s area is in the frontal lobe of the dominant hemisphere, mostly the left,
with the primary function of language production. By contrast, Wernicke’s area is the region in
the posterior temporal-parietal lobe of the left hemisphere and it is responsible for language
comprehension.
The lateralized functions of language production and comprehension have been
considered strong evidence of functional asymmetry in the brain (Sun & Walsh, 2006).
Researchers proposed two reasons why brain functions indicate asymmetric patterns between left
and right hemisphere. First, functional asymmetry avoids competition between hemispheres or
control of the muscles involved in executing a function. Second, it appears more efficient to
transfer information between a collection of focal areas in a single hemisphere than to
3

communicate information between hemispheres (Toga & Thompson, 2003). Existing studies
have substantiated the explanations given that the left hemisphere is dominant for mathematical
and logical reasoning, which are essential abilities in speech and communication, whereas the
right hemisphere excels at shape recognition, spatial attention, emotional control, musical and
artistic expression, and other nonverbal functions (Borod, Bloom, Brickman, Nakhutina, &
Curko, 2002; Gazzaniga, 1998, 2005). Hemispheric lateralization suggests that the brain has
evolved to a level of complexity in which specialized functions within a hemisphere is necessary
for efficient performance (Toga & Thompson, 2003).
Motor Asymmetry
Although the human body is symmetrical in general appearance, the hands, feet, eyes,
and ears are used in an asymmetric manner (Gabbard, 2012). Handedness is a typical example of
motor asymmetry which has raised considerable interest among researchers. Most people show
preferred use of one hand over the other (Ingram, 1975). The preference toward using one hand
allows a higher level of skill to be maintained in the preferred hand on specific tasks through
continuous practice and performance (Raw, Wilkie, Culmer, & Mon-Williams, 2012). Over 90%
of the human population is naturally right-handed (Corballis, 2003). Bradshaw and Rogers
proposed “humans typically show a right-hand superiority in tasks which entail high accuracy
demands with fine corrective movements” (Bradshaw & Rogers , 1993, p. 197). While
hemispheric lateralization allows complex functions to be efficiently processed within one
hemisphere, motor asymmetry is developed for the similar purpose – to improve an individual’s
capacity of performing tasks which require highly advanced motor skills (Raw, Wilkie, et al.,
2012).
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The research on motor asymmetry and handedness lies in the assumption that
asymmetries in behavioral traits correlate with anatomical differences between both hemispheres
(Haaland & Harrington, 1996). Evidence has shown the connection between anatomical and
functional asymmetries which contribute to individual differences in cerebral organization
(Kertesz, Polk, Black, & Howell, 1992). An early magnetoencephalography (MEG) study
noticed a greater volume in the primary motor cortex opposite to the dominant hand (Volkmann,
Schnitzler, Witte, & Freund, 1998). The finding suggests that the expanded hand representation
in the motor cortex of the dominant hemisphere is likely a prerequisite of asymmetric manual
function. Relevant findings were provided in another neuroimaging research. Researchers found
evidence that the depth of the central sulcus is related to handedness (Amunts et al., 1996). The
left central sulcus is deeper than the right for right-handers, whereas the right central sulcus is
deeper than the opposite side for left-handers. These findings suggest the relationship between
handedness and anatomical asymmetries between left and right hemispheres.
Age-related Effects on Hemispheric Lateralization
The human brain is characterized by anatomical asymmetries as well as functional
laterality (Geschwind & Iacoboni, 1999; Ocklenburg, Hugdahl, & Westerhausen, 2013).
Lateralized cortical activation is subjective to aging which leads to particular alterations in
cortical activation patterns from young adulthood to older adulthood. Cortical overactivation,
which is the recruitment of large cortical areas or diffuse neural activity in cortical areas, is a
common occurrence in older adults (Park & Reuter-Lorenz, 2009). Whereas young adults
indicate highly lateralized cortical activation when performing a motor task, older adults tend to
recruit additional neural resources by activating the cortical regions on both hemispheres (Park &
Reuter-Lorenz, 2009). Thus, functions of the aging brain become less lateralized due to cortical
5

overactivation which is considered an indicator of deficits in brain processing (Reuter-Lorenz &
Lustig, 2005).
The reduced lateralization in brain activation patterns is explained in two approaches,
compensation and dedifferentiation, which are associated with different mechanisms of the aging
brain in performing cognitive and motor tasks. Current literature distinguishes compensation and
dedifferentiation in a way that any excess recruitment in older adults that fails to result in
behavioral benefits is referred to as dedifferentiation, whereas compensation refers to cortical
overactivation that results in improved performance (Bernard & Seidler, 2012). Therefore,
compensatory mechanism plays a positive role in behavioral performance, but dedifferentiation
is the reduced hemispheric lateralization due to declined processing efficiency.
Cortical Overactivation as Compensation
The compensatory hypothesis suggests that recruitment of additional neural structures
occurs to counterbalance functional degeneration associated with aging. This hypothesis can be
traced back to the theory of Selective Optimization with Compensation which assumes that the
areas in the aging brain are less efficient but working harder than the corresponding regions in
their younger counterparts due to degradation of the neural circuits (Baltes & Baltes, 1990).
When facing functional degradation due to aging, people select new or alternative resources as
compensatory strategies to optimize functional performance. Therefore, compensatory
mechanisms are associated with improved performance in given tasks. Previous research
revealed that lower performing older adults displayed increased activity in one side of the brain,
whereas high performers featured smaller cortical activation in the same region but in both
hemispheres (Cabeza, Anderson, Locantore, & McIntosh, 2002; Davis, Dennis, Daselaar, Fleck,
& Cabeza, 2007). In contrast, young adults displayed lower activation levels in the same region,
6

but the activation was only shown unilaterally. The cortical activation patterns suggest that
recruiting additional cognitive resources in one hemisphere may not be sufficient for older adults
to maintain task performance comparable to their younger counterparts. Recruitment of bilateral
cognitive resources may be needed to compensate for age associated neural degeneration
(Cabeza et al., 2002).
An activation configuration associated with functional compensation occurs when the
activation pattern becomes more bilateral during aging. HAROLD model (Hemispheric
Asymmetry Reduction in Older Adults) suggests that the compensatory process is associated
with increased cortical activations in the bilateral prefrontal regions, leading to reduced
asymmetry between two hemispheres (Cabeza et al., 2002). Originally developed in the
cognitive test, the model states that under similar conditions, prefrontal cortex activity tends to
be less lateralized in older adults than that in young adults (Cabeza et al., 2004). An increasing
number of neuroimaging studies have provided supportive evidence for the age-related
reductions in hemispheric lateralization in cognitive domains, including episodic retrieval
(Cabeza et al., 1997; Madden et al., 1999; Stebbins et al., 2002), working memory (Dixit,
Gerton, Kohn, Meyer-Lindenberg, & Berman, 2000; Reuter-Lorenz et al., 2000), and perception
(Grady, Randy McIntosh, Horwitz, & Rapoport, 2000). In an episodic retrieval task, older adults
with high performance (old-high) showed bilateral activation in the prefrontal regions, whereas
older participants with low performance (old-low) only recruited prefrontal regions of one
hemisphere (Dolcos, Rice, & Cabeza, 2002). It is interesting to note that although old-low
participants recruited similar brain regions to the younger participants, such an activation
strategy was inadequate to overcome the overall decline in cognitive performance. In contrast,
bilateral prefrontal activation resulted in compensatory effects for age-related decline (Cabeza,
7

2002). The findings indicated that the aging brain failed to maintain a comparable level of
performance to the young by simply recruiting cortical regions within the single hemisphere.

Figure 1.

Cognitive performance and PFC activity (Dolcos et al., 2002).

Younger subjects indicated a lateralized feature of hemispheric activation in the cognitive task.
Older subjects with lateralized hemispheric activation indicated lower performance than their
counterparts (Old-High) with bilateral activation in the prefrontal cortex (PFC). The bright
yellow regions represent greater activation than the red regions.

Mattay and colleagues (2002) applied MRI to investigate brain activity in a simple motor
control task. Young and old participants performed a visually paced “button-press” motor task at
a rest state. Participants held a response box with four buttons corresponding to the numbers
from 1 to 4. According to the number displayed on a screen, participants pressed one of the
buttons as soon as they can. The MRI study identified bilateral activation in the motor cortex
associated with better motor task performance, indicating compensatory effect in the older
adults. This study suggests that the HAROLD model may be generalizable to the motor
8

performance. A following study by Mattay et al. (2006) investigated capacity of the
compensatory mechanism in a working memory task. Bilateral prefrontal activity benefited
performance in older adults at a moderate difficulty level of the working memory task. As
cognitive demand increases, however, bilateral prefrontal activation cannot maintain the
proficiency and a decline in performance occurs (Mattay et al., 2006). The previous studies
provide two interesting points: (1) bilateral hemispheric activation can be observed not only in
cognitive function, but also in motor performance as a compensatory strategy to the age-related
decline in neural recruitment; and (2) behavioral performance declines when task-related
demands exceed the capacity of compensatory strategy.
Cortical Overactivation as Dedifferentiation
Dedifferentiation is an alternative view on reduced asymmetry in cortical activation
during aging. Unlike HAROLD model in which bilateral activation of brain regions compensates
for age-related decline, dedifferentiation results from age-related difficulty in engaging
specialized neural mechanisms that were available during young adulthood (Li & Lindenberger,
1999). As mentioned earlier, the brain tends to be more and more lateralized as a child becomes
mature (Garrett, 1946). A recent study exposed twenty-one infants of three to seven months old
to adult vocalizations, and it found that older infants were better at activating the areas associated
with vocalized emotion (Blasi et al., 2011). The highlight of this study is to identify a remarkably
early functional specialization for voice and emotion processing. Whereas differentiation
increases from early childhood to puberty, it is reasonable to predict a reverse process in which
the aging brain becomes less lateralized along with an overall decline in motor and cognitive
functions. Being different from the compensatory theory, dedifferentiation is a type of cortical
overactivation resulting from reduced inhibitory control over cortical areas (Park & Reuter9

Lorenz, 2009). An fMRI study estimated cortical activation when a series of visual stimuli were
presented to younger and older participants. The results indicated significantly less neural
specialization in the ventral visual cortex as a result of aging (Park et al., 2004). A recent study
identified evidence for dedifferentiation in the motor cortex of older adults (Bernard & Seidler,
2012). This transcranial magnetic stimulation (TMS) study found larger spatial representations of
the motor cortex in older adults. However, the expansive cortical recruitment did not benefit
motor performance as the older participants showed longer motor evoked potential latency and
amplitude than the young counterparts. The result implies dedifferentiation which is in contrast
with compensatory mechanism and HAROLD model. It is important to note that, as the main
theories of functional brain effects in aging, both compensation and dedifferentiation have been
supported by abundant research evidence (Seidler et al., 2010). Therefore, one of the main
interests of the current research is to find out which theory may play a dominant role in reduced
hemispheric lateralization during aging.
Age-related Effects on Motor Asymmetry
Evidence from the existing motor behavior research leads to the general consensus that
aging reduces motor asymmetry. Specifically, interlimb transfer in young adults only occurred
from nondominant to dominant arm, whereas the transfer was observed in both directions in
older adults (Wang, Przybyla, Wuebbenhorst, Haaland, & Sainburg, 2011). The research team
led by Sainburg conducted a series of studies on the age-related effect on interlimb transfer of
learning in visuomotor adaptation tasks. In the research team’s typical experimental setup,
participants were asked to reach a target 16 cm away from the start point. After several
repetitions of the normal trial, the visual feedback was rotated to a certain degree without giving
the participants’ advanced notice. Participants needed to make adjustments to their hand
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movement paths when they realized the distortion in the visual feedback. The multiple trials
participants took to adapt to the visual rotation indicated a learning process. Practices on one
hand may have an impact on performance of the other hand, which is known as interlimb
transfer. Consistent findings on symmetric interlimb transfer were observed in older adults, but
not in young adults, which suggests reduced motor asymmetry as a result of aging (Sainburg &
Wang, 2002; Wang & Sainburg, 2003). Sainburg (2002) proposed the dynamic dominance
hypothesis to explain asymmetric transfer in the young but symmetric transfer in the older
participants. The hypothesis suggests that the two hemispheres have become functionally
specialized for controlling different aspects of movement. Whereas the dominant hemisphere
controls dynamic features of movement such as limb trajectory during reaching movement, the
non-dominant hemisphere is responsible for steady-state limb posture such as final position
accuracy of reaching (Wang et al., 2011). With the reduced functional lateralization in the aging
brain, the learning process tends to produce a symmetric effect on older adults’ left- and righthand performance.
The interlimb transfer in terms of visuomotor adaptation was also examined in aiming
tasks performed on a digitizer tablet. In the study conducted by Pan and Van Gemmert (2013),
participants directed the digital pen from a start point to a target based on the visual feedback
from the computer screen. After a number of initial trials with normal feedback, the presented
movement path deviated certain degrees from the real trajectory, so that participants needed to
adjust to the distorted visual feedback in the subsequent trials. Participants received training on
one hand, either the dominant or non-dominant hand, and then performed the same task with the
untrained hand. Kinematic measures including movement time, curvature, and initial direction
were compared between the trained and untrained hand. The researchers identified similar
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patterns of interlimb transfer between younger and older adults. Such a result was inconsistent
with the findings of the study by Sainburg (2002). A possible reason for the different results
between the two research teams (Sainburg and Pan) may be attributed to the different types of
skills involved in the motor tasks. Whereas Sainburg’s study required more gross motor skills
such as elbow and shoulder coordination in a reaching movement, Pan and Van Gemmert’s
(2013) study depended more on fine motor skills with wrist and finger coordination in drawing.
The effect of aging on interlimb transfer remains controversial. But the fact that interlimb
transfer remains during aging suggests brain plasticity in older adults.
In addition to the experiments designed for interlimb transfer, other studies examined
age-related changes in movement patterns between the left and right hands (Przybyla, Haaland,
Bagesteiro, & Sainburg, 2011; Raw, Wilkie, et al., 2012). Przybyla and colleagues (2011)
designed an experiment in which participants direct a cursor to a target by arm reaching
movement. Kinematic variables such as movement duration, accuracy, peak velocity, and path
curvature were measures of the movement pattern. Because movement velocity was controlled
under a relatively small range between 0.5 m/s and 0.8 m/s, there was no significant difference
between younger and older participants in this respect. However, older adults showed straighter
path (less path curvature) and better accuracy than their younger counterparts. Most importantly,
older adults indicated similar performance between the dominant and non-dominant hand
whereas young adults exhibited a prominent advantage in their dominant hand over the nondominant hand. Therefore, motor asymmetry was identified in young adults instead of older
adults. This finding suggests reduced motor asymmetry as a result of aging.
Raw and colleagues conducted a tracing test to examine age-related impacts on motor
asymmetry (Raw, Wilkie, et al., 2012). Participants used a stylus (digital pen) to trace a shape
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displayed on a tablet. There were three difficulty levels with thick, medium, and thin path which
represented easy, medium, and difficult conditions, respectively. Instructions of the test
encouraged participants to take care of both speed and accuracy. Movement time, accuracy, and
an index called speed accuracy cost function, which was the product of movement time and
accuracy, were employed as kinematic measures of participants’ movement. Unlike the
experiment designed by Przybyla and colleagues, in which movement speed was a controlled
parameter, the experiment conducted by Raw and colleagues had no limitation on movement
speed. The results indicated that the young performed the tracing task significantly faster with
the dominant hand when compared to the nondominant hand, but the older participants were
equally slow with both hands (Raw, Wilkie, et al., 2012). The reduced between-hand difference
in movement speed was identified in the older group, suggesting that motor asymmetry
decreased in the process of aging.
At the neurological level, motor asymmetry has been considered a reflection of
lateralized brain functions. It was assumed that functional differences between dominant and
non-dominant hand should have increased due to the usage of the preferred hand through an
individual’s lifespan. However, as age increases, motor asymmetry diminishes with respect to
grip strength, manual dexterity, reaching trajectory, and accuracy (Chua, Pollock, Elliott,
Swanson, & Carnahan, 1995; Francis & Spirduso, 2000; Przybyla et al., 2011). The reduced
motor asymmetry over the lifespan is related to multiple factors such as degeneration of
neuromuscular structures and decline in the sensorimotor system (Francis & Spirduso, 2000;
Teixeira, 2008). Considering the reduced asymmetries in both motor performance and brain
function during advancing age, researchers proposed that alterations in cortical activations may
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contribute to changes in movement patterns during aging (Schaefer, 2015; Sleimen-Malkoun,
Temprado, & Hong, 2014).
EEG Research on Brain Asymmetry
Introduction of EEG
EEG records the electrical activity along the scalp. The flow of current due to firing of
neurons in the brain results in voltage fluctuations (Nidal & Malik, 2014). EEG analysis accounts
for three dimensions including frequency, position, and power amplitude. EEG signals consist of
five major brain waves, known as delta (1–4 Hz), theta (4-8 Hz), alpha (8-13 Hz), beta (13-30
Hz), and gamma (30-50 Hz). Analysis on frequency band of EEG signals provides information
of an individual’s mental state. The delta wave is usually associated with a state of
unconsciousness, such as deep sleep. The theta wave is related to drowsiness, inattention, and
meditation. The alpha wave reflects physical and mental relaxation with awareness of one’s
surroundings. The beta frequency band is predominant in the states of alertness, concentration,
anxious thinking, tension, and fear. The gamma waves can be seen in mentally demanding
activities and information processing, such as learning and problem solving (Buzsaki, 2006).
When an individual engages in certain situations (i.e., concentration), corresponding EEG
frequency band (i.e., beta wave) will become dominant.
Another important consideration in EEG recording is the position of electrodes placed
over the scalp. A general rule for electrode placement is International 10/20 system. Depending
on the purpose of individual studies, electrodes within certain cortical lobes need to be
accounted. A primary brain region examined in EEG research is the frontal lobe which is
responsible for emotions, problem solving, speech, and movement (Nidal & Malik, 2014). EEG

14

recordings in particular regions reflect underlying cortical systems in active processing (Coan &
Allen, 2004).
There is a negative relationship between the frequency of brain oscillations and power
amplitude (Pfurtscheller & Da Silva, 1999). This relationship suggests reduced power amplitude
associated with increased alertness, vigilance, and mental workload. When people pay attention
to a particular task, high frequency bands such as alpha (8-13 Hz) and beta (13-30 Hz) become
dominant and decreases in EEG amplitude can be observed. The decreased power amplitude in
relation to the onset of a stimulus is called event-related desynchronization (ERD) which is a
common EEG pattern in motor and cognitive research.
EEG Research on Brain Asymmetry
EEG research on brain asymmetry has a particular focus on emotion, personality, and
psychopathology (Kuper, Käckenmester, & Wacker, 2019). The findings on brain asymmetry in
the frontal lobe resulted in an influential model, known as approach/withdraw motivational
model of emotion (Davidson & Emotion, 1993). The model attributes left frontal activity to a
tendency of approaching or engaging in a stimulus while right frontal activity to a tendency of
withdrawing or disengaging from a stimulus (Coan & Allen, 2004). There has been an
increasing amount of evidence for the approach/withdraw model. Researchers found lower levels
of sociability in individuals with relatively greater right frontal lobe activity (Fox, Bell, & Jones,
1992; Schmidt, 1999). In a meta-analysis on resting frontal EEG asymmetry, the result proved a
link between greater right frontal activity at rest and negative emotions such as depression and
anxiety (Thibodeau, Jorgensen, & Kim, 2006).
A commonly used measure of EEG asymmetry with respect to emotion and mental state
is to subtract alpha activity at the left electrode from that at the right electrode (Thibodeau et al.,
15

2006). Because ERD is associated with increased cortical activity in a given frequency band, a
positive value implies greater activity in the left hemisphere as well as positive emotions and
mental state. On the other hand, a negative value represents greater activity in the right
hemisphere, associated with increased anxiety and depression. Despite the abundant EEG
asymmetry research on emotion and mental state, it has been rare in motor behavior research.
The current research project will use EEG to examine brain asymmetry in relation to motor
control.
Dissertation Outlines
After the introduction of the background relevant to motor asymmetry and hemispheric
lateralization, the subsequent chapters will be organized in the followings sequence. Chapter 2
involves a mini-review on current literature regarding the research question as to whether
adequate evidence is available to testify the hypothesis that age-related reductions in the
hemispheric lateralization may contribute to the reduced motor asymmetry observed in older
adults. By including eligible studies into the review, we aim to identify possible theoretical gaps
which may point out a direction for our research project. Chapter 3 through Chapter 5 focus on
three experimental designs which integrates EEG into motor tasks. To assess motor asymmetries,
all participants need to conduct the three unimanual tasks by both hands. Chapter 6 summarizes
key findings of the three experiments. Discussions on the key findings will be given, along with
limitations of the current research and suggestions for studies in the future.

16

CHAPTER II
LITERATURE REVIEW
Literature Search
It has been an interest of research to detect brain activities in coincidence with motor
performance over the last two decades. One of the purposes is to explain the neural mechanism
accounting for overactivation in the older brain (Seidler et al., 2010). To summarize empirical
evidence provided by relevant research, we conducted a literature search for studies concerned
with age-related effects on motor performance as well as on cortical activation patterns. The
search process was carried out in major databases including Google Scholar, PubMed, Web of
Science, and EBSCO. Key terms for literature search emphasized on four categories: aging,
motor performance, hemispheric lateralization, and neuroimaging techniques. The following
combination of terms were used across the databases: “aging, OR elderly, OR older adults” AND
“motor asymmetry OR handedness” AND “hemispheric lateralization, OR brain asymmetry”
AND “neuroimaging, OR brain imaging techniques, OR EEG, OR fMRI, OR PET, OR TMS,
OR fNIRS.”
Included articles had to meet the following criteria: (1) the study must compare healthy
older adults with young adults with respect to motor performance; (2) the experiment must
utilize neuroimaging techniques (e.g., EEG, fMRI, PET, etc.) to monitor cortical activation
patterns while older and young participants performing a motor task; and (3) the motor tasks
should be designed for motor asymmetry, which compare dominant limb performance with non17

dominant limb performance. However, the initial search showed 0 paper meeting the
predetermined inclusion criteria. A broader search scope was then adopted. Specifically, the
search scope of hemispheric asymmetry was expanded to hemispheric activation and alternative
keywords such as cortical activation and brain activation. The change in search strategy resulted
in 14 articles eligible for full-text review. Results of the literature search was summarized in
Table 1.
Table 1
Characteristics of the Motor Function Studies Utilizing Neuroimaging Techniques
Study

Subjects

Motor task

Sailer et al.
(2000)

Young: 10
Age: 24
Old: 10
Age: 64
Right-handed

Finger
tapping by
dominant
(right) hand

Young = 7
Age: 24
Old = 7
Age: 60
Right-handed
Young = 8
Age: 26
Old = 8
Age: 68

Thumb-toindex
tapping with
auditory
cues.
Repetitive
index finger
tapping.

Young = 10
Age: 29
Old = 12
Age: 59
Right-handed

Visually
paced
button-press
task.

Calautti et
al., 2001

Hutchinson
et al., 2002

Mattay et al.,
2002

Equipment &
Neural model
Equipment: EEG
Neural model:
Not clarified

Equipment: PET
Neural model:
Compensation
Equipment:
fMRI
Neural model:
Compensation
Equipment:
fMRI
Neural model:
Compensation
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Findings
Compared with the young
brain, the aging brain needs
to recruit a more extensive
network of cortical
sensorimotor/premotor
regions in order to
accomplish the same task.
Older adults indicated
overactivation in the
superior frontal cortex
ipsilateral to the moving
fingers.
Ipsilateral sensorimotor
cortex was more activated
in older adults. Activation
differences between young
and old groups increased
with task difficulty.
Additional cortical and
subcortical areas were
recruited when older adults
were performing a simple
motor task.

Table 1 (continued)
Study

Subjects

Motor task

Ward &
N = 26
Grip force
Franckowiak, Age: 26-80
control: 10,
2003
Right-handed 20, 40, and
60% of
maximum
force
production.
Wu &
Hallett, 2005

Naccarato et
al., 2006

Riecker et
al., 2006

Heuninckx et
al., 2008

Young = 12
Age: 31
Old = 12
Age: 62
Right-handed

Equipment &
Neural model
Equipment:
fMRI
Neural model:
Compensation

Sequential
finger
tapping
movement.

Equipment:
fMRI

N = 18
Thumb-toAge: 18-79
index
Right-handed tapping in
15 seconds.

Equipment:
fMRI

Neural model:
Compensation

Neural model:
Compensation
Young = 10
Index finger Equipment:
Age: 23
tapping with fMRI
Old = 10
auditory
Age: 66
cue.
Neural model:
Right-handed
Not clarified

Young = 12
Age: 22
Old = 26
Age: 66
Right-handed

Hand-foot
coordination
, moving in
the same or
opposite
directions

Equipment:
fMRI
Neural model:
Compensation
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Findings
Age-related increases in brain
activation were seen in the
following regions: left deep
anterior central sulcus, caudal
dorsal premotor cortex, caudal
cingulate sulcus, intraparietal
sulcus, insula, frontal
operculum, and cerebellar
vermis.
Older adults had greater
activity in the bilateral
anterior lobe of cerebellum,
premotor area, parietal cortex,
left prefrontal cortex, anterior
cingulate, caudate nucleus,
and thalamus, than young
adults. Additional activated
areas in older adults resulted
in the same level performance
as young adults.
Increased bilateral activation
in the primary motor cortex
was found in older adults.
Older adults exhibited
significant overactivation
within the ipsilateral
sensorimotor and premotor
cortex. But additional
recruitment of the motor
network did not contribute to
the same level performance as
young adults.
Additional recruitment of
sensorimotor and frontal
regions contributed to
enhanced performance in
older adults.

Table 1 (continued)
Study

Subjects

Ward et al.,
2008

N = 40
Grip force
Age: 21-75
control with
Right-handed visual
feedback

Langan et al., Young = 18
2010
Age: 21
Old = 18
Age: 71.7
Right-handed

Motor task

Equipment &
Neural model
Equipment:
fMRI
Neural model:
Not clarified
Equipment:
fMRI

Findings
Reduced deactivation in
ipsilateral primary motor
cortex was observed in
older adults.

Use joystick
to move a
cursor to a
target on the Neural model:
screen.
Not clarified

Older adults exhibited
greater recruitment of
ipsilateral primary motor
cortex, which was
associated with longer
reaction time.
Carp et al.,
Young = 23
Index finger Equipment:
Motor distinctiveness was
2011
Age: 22
tapping with fMRI
reduced among older adults
Old = 24
visual cues.
in the primary motor cortex,
Age: 65
Neural model:
the supplementary motor
Right-handed
Dedifferentiation area, the insula, and the
cerebellum.
Bernard &
Young = 16
Participants Equipment: TMS Older adults showed larger
Seidler, 2012 Age: 21
responded
dominant hemisphere motor
Old = 17
with right
Neural model:
representations which did
Age: 70
hand to
Dedifferentiation not result in performance
Right-handed white dots
benefits (longer reaction
presented on
time).
a black
screen
Reuter et al., Young = 17
Wrist
Equipment: TMS Age is related to
2015
Age: 25
flexion and
dedifferentiated activation
Old = 17
extension.
Neural model:
of the primary motor cortex
Age: 70
Dedifferentiation during preparation of
Right-handed
distinct movements.
EEG, electroencephalography; fMRI, functional magnetic resonance imaging; PET, positron
emission tomography; transcranial magnetic stimulation.

Results
Literature search resulted in 14 articles that met the predetermined inclusion criteria. All
the reviewed studies included both young (N = 143) and older adults (N = 161) and applied
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neuroimaging techniques to motor tasks. The commonly used criteria to determine eligibility of
participants concerned with handedness, age, history of illness, and recent health conditions.
Specifically, handedness was measured by Edinburgh handedness scale (Oldfield, 1971). Only
right-handed participants were recruited in the included studies. Young participants of the studies
were mostly university students, ranging between 18 and 25 years of age. Older adults were
mainly recruited from local communities and indicated a large age interval from 60 to 80 years
old. Eligible participants should have had no history of neurological disease, psychiatric
disorder, or head injury. Also, participants must have been able to perform motor tasks without
difficulty. Recent injury (in the last 6 months) that impacted normal movement or medication
with psychotropic or vascular effects could result in exclusion of individuals from participation.
Cognitive functions were assessed by Mini Mental State Exam. Participants should score above
24 to meet the eligibility criteria.
In the included literature, 10 studies applied fMRI to record cortical activation,
suggesting that fMRI was the primary approach to neuroimaging studies (Carp, Park, Hebrank,
Park, & Polk, 2011; Heuninckx, Wenderoth, & Swinnen, 2008; Hutchinson et al., 2002; Langan
et al., 2010; Mattay et al., 2002; Naccarato et al., 2006; Riecker, Kassubek, Gröschel, Grodd, &
Ackermann, 2006; Ward & Frackowiak, 2003; Ward, Swayne, & Newton, 2008; Wu & Hallett,
2005). In addition, EEG (N = 1), PET (N = 1) and TMS (N = 2) were also applied to the included
studies (Bernard & Seidler, 2012; Calautti, Serrati, & Baron, 2001; Reuter, Behrens, &
Zschorlich, 2015; Sailer, Dichgans, & Gerloff, 2000). Motor tasks used in the studies mostly
involved with dominant hand performance. Finger tapping was the primary form of motor task
(N = 7). Other tasks of manual performance included grip force control (N = 2), wrist movement
(N = 1), hand-foot coordination (N = 1), and responding to stimulus by dominant hand (N = 3).
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Cortical overactivation has been reported in all the studies, suggesting that older adults
tend to recruit more cortical resources than young adults in the same motor task. However,
researchers proposed two opposite models to explain mechanisms of cortical overactivation
associated with aging. A majority of the studies (N = 7) attributed cortical overactivation to the
compensatory mechanism which enabled older adults to perform at a comparable level as their
young counterparts (Calautti et al., 2001; Heuninckx et al., 2008; Hutchinson et al., 2002; Mattay
et al., 2002; Naccarato et al., 2006; Ward et al., 2008; Wu & Hallett, 2005). The results suggest
that compensation is not limited to the prefrontal cortex. Instead, overactivation can be seen
across cortical regions including premotor cortex and primary motor cortex.
On the other hand, cortical overaction with non-compensatory effects is attributed to
dedifferentiation (Bernard & Seidler, 2012; Carp et al., 2011; Reuter et al., 2015). Researchers
found that cortical overactivation may not always benefit behavioral performance. Ward and
colleagues proposed that the reduced ability to modulate activity in appropriate motor networks
may contribute to age-related decline in motor performance (Ward et al., 2008). In this situation,
the overactivation is a sign of reduced interhemispheric inhibition in the motor cortices of older
adults (Langan et al., 2010; Riecker et al., 2006).
Four of the included studies did not clearly categorize their findings on cortical activation
patterns into either compensation or dedifferentiation model. A possible reason may lie in the
timing of the publications. The EEG study conducted by Sailer et al. in 2000 made the first
attempt to integrate neuroimaging techniques into a motor task (Sailer et al., 2000). In this study,
older adults indicated additional cortical recruitment of both hemispheres, but comparable motor
output to young adults. Although the finding is consistent with compensatory model, the
terminology, compensation, was not mentioned in the article. Actually, it was not long until the
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compensatory mechanism first appeared in a PET study in 2001 (Calautti et al., 2001). Similar
situations can be seen in terms of dedifferentiation. Although dedifferentiation was not present in
motor behavior research until 2011, previous studies have found additional recruitment of the
ipsilateral motor cortex which did not benefit older adults’ motor performance (Langan et al.,
2010; Riecker et al., 2006; Ward et al., 2008). Although the findings of the four studies did show
consistency with either compensation or dedifferentiation, the current review does not attempt to
make the judgement based on the implications.
Discussion
Cortical Overactivation and Reduced Hemispheric Lateralization in Aging
Although evidence suggests different neural mechanisms (compensation versus
dedifferentiation) in cortical activation, a consensus among the included studies is the
overactivation in the aging brain. An EEG study examined cortical activation patterns of young
and older adults when performing the finger tapping task. The brain topographic maps (Figure 2)
displayed an increased activation on both hemispheres in older adults, but only left hemispheric
activation in young adults (Sailer et al., 2000). The figure demonstrates cortical overactivation
and reduced hemispheric lateralization associated with aging.

Figure 2.

Cortical activation patterns in younger and older adults (Sailer et al., 2000).
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Compared with a previous EEG study (Sailer et al., 2000), the altered neural recruitment
patterns during aging (Figure 3) can be better exhibited in the fMRI study with high spatial
resolution of image (Riecker et al., 2006). In the finger tapping task at 2 Hz, older adults
indicated bilateral activation whereas young adults showed lateralized activation mainly in the
left hemisphere. As the tapping frequency increased to 6 Hz, young adults indicated greater
activation in the left hemisphere, but no significant change in the cortical activation was
observed in older adults. This result suggests a greater capacity of brain function in young adults
as the strengthened cortical activation along with the increased movement rate is a sign of
adaptability to the increased task requirement. In contrast, the aging brain maintains a highly
active status when the task requirement is low. But, the overactivated areas in older adults did
not increase at higher movement rates, suggesting limited effects of compensating age-related
functional reductions by means of cortical overactivation (Riecker et al., 2006).

Figure 3.
Cortical activation of younger (upper) and older adults (lower) during finger
tapping at 2 Hz and 6 Hz (Riecker et al., 2006).
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Neuroimaging Techniques
Over the past two decades, neuroscientists have applied neuroimaging techniques to
investigate age-related changes in cortical activations during motor tasks. Functional MRI is a
dominant instrument in neuroscience, which reflects brain activity by means of blood flow
through the hemispheric cortex. The blood-oxygen-level dependent (BOLD) signal reveals
haemodynamic changes in blood flow, blood volume, or intravascular magnetic susceptibility
(Logothetis, Pauls, Augath, Trinath, & Oeltermann, 2001). The attempt of using imaging
technique to observe cortical activity relies on the assumption that the BOLD signal is highly
correlated with neural activations of relevant cortical regions (Logothetis, 2008). When a cortical
region is in use, blood flow to that region increases (Logothetis et al., 2001). The principal
advantage of fMRI is the high spatiotemporal resolution, which provides researchers with a clear
view on the entire network of brain areas engaged when subjects undertake particular tasks
(Logothetis, 2008). In addition to fMRI, transcranial magnetic stimulation (TMS) has been
applied to current neuroscience research (Bernard & Seidler, 2012; Reuter et al., 2015). Unlike
fMRI which observes blood flow during brain activity, TMS uses magnetic fields to stimulate
activation of specific cortical regions, thus the stimulation performs as an intervention on how
the brain is working. In clinical practice, TMS has been used as a treatment for depression (Loo
& Mitchell, 2005). For the two included studies in which TMS was applied, researchers recorded
motor-evoked potential (MEP) during motor planning and motor performance (Bernard &
Seidler, 2012; Reuter et al., 2015).
Using a combination of neuroimaging techniques such as fMRI and EEG can provide the
most effective strategy for understanding brain function (Logothetis, 2008; Masterton, Jackson,
& Abbott, 2013). It is worth pointing out that EEG has not been frequently applied to the motor
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behavior studies summarized in Table 1. As a non-invasive brain imaging technique which has
been widely used in cognitive science, psychology, and neuroscience, EEG has several
advantages in practice. Compared with fMRI, EEG has an excellent temporal resolution in
millisecond range and with sampling rates above 20,000 Hz (Burle et al., 2015; Davidson & J.,
1988). Another advantage of EEG is the tolerance of movement. Unlike fMRI and TMS which
require participants to stay still during the scan, EEG allows participants to perform moderate
movement. Indeed, recent research in the field of construction engineering has applied EEG to
on-site work conditions which are labor-intensive, such as ladder climbing and avoiding
obstacles while carrying heavy objects (Hwang, Jebelli, Choi, Choi, & Lee, 2018; Jebelli,
Hwang, & Lee, 2017a, 2017b). The developing data analysis techniques will continuously
minimize movement artifacts in EEG recording. Another advantage of EEG is its wider
application than other bulky and immobile neuroimaging techniques such as fMRI which must
be placed in a magnetically shielded room (Raizada & Kriegeskorte, 2010). The immobility and
specific limitations in use raise practical concerns with respect to participant recruitment and
experimental design. Another practical issue in research is the significant cost of fMRI, PET,
TMS, and other neuroimaging techniques. Compared with millions of dollars of investments in
those techniques, EEG is much more affordable to many laboratories. Despite the relatively low
spatial resolution, EEG has become a powerful tool in understanding brain function. In summary,
EEG has been considered a favorable option in motor behavior research because it is portable,
wireless, affordable, and easy to use (Chen, Song, & Lin, 2016; Gevins & Smith, 2003).
Neural Models
Cortical overactivation associated with aging has been reported in the included studies,
suggesting that the models developed upon psychological and cognitive research can be
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generalized to motor behavior. HAROLD model was initially proposed to illustrate bilateral
cortical activation as a compensatory strategy for older adults to maintain performance in
cognitive tasks (Cabeza, 2002). In the included motor behavior studies, reduced hemispheric
asymmetry compensated for motor functional decline in older adults (Calautti et al., 2001;
Heuninckx et al., 2008; Hutchinson et al., 2002; Mattay et al., 2002; Naccarato et al., 2006; Ward
& Frackowiak, 2003; Ward et al., 2008; Wu & Hallett, 2005). There were five studies reporting
increased ipsilateral cortical activation when older adults were performing a variety of motor
tasks, including finger tapping (Calautti et al., 2001; Hutchinson et al., 2002; Naccarato et al.,
2006), grip force control (Ward et al., 2008), and joystick operation (Langan et al., 2010).
Whereas young adults only recruit the contralateral motor cortex in a manual task, older adults
perform the same task with additional recruitment of the ipsilateral cortex, which causes a less
asymmetric pattern in the primary motor cortex (Naccarato et al., 2006).
On the other hand, dedifferentiation is also substantiated by adequate neuroimaging
evidence, suggesting a compensatory mechanism may not explain all age-related changes in
cortical activation. There were five of the included studies which identify no behavioral benefits
associated with cortical overactivation (Bernard & Seidler, 2012; Carp et al., 2011; Langan et al.,
2010; Reuter et al., 2015; Riecker et al., 2006). The occurrence of dedifferentiation during aging
is reasonable given the fact that brain becomes lateralized in accordance with functional
development. If aging is a reverse process, decreased distinctiveness among the cortical regions
should be observed in accordance with the declined functions.
Although compensation and dedifferentiation imply different views on neural recruitment
alterations during aging, the two views are not necessarily mutually exclusive (Park et al., 2004).
Park and Reuter-Lorenz proposed the Scaffolding Theory of Aging and Cognition (STAC) which
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explains mechanisms underlying the compensation and dedifferentiation in aging (Park &
Reuter-Lorenz, 2009). According to this theory, the formation of scaffolding is not a response of
the cortex to aging itself but an occurrence happening throughout the lifespan. Park and Reuters
substantiated this hypothesis with evidence from skill acquisition studies involved young adults
(Park & Reuter-Lorenz, 2009). The STAC theory suggests that at the beginning learning
progresses through links (or scaffolds) formed through broad stimulation of neural circuits. This
broad stimulation occurs in the early stages of skill acquisition, but once the skill has become
more refined, the neural circuits begin to become optimized, resulting in a shift from broad and
general activation to more efficient connections with functional specialized areas. Though the
circuit has become optimal for the task being performed, the initial scaffolds are still available as
a secondary source of circuitry ready for situations when task performance becomes challenging.
However, the honed networks are subjective to aging. As the aging brain degenerates,
individuals would increasingly rely on the scaffolded networks to compensate for deficits in
performance. Although scaffolding may be evoked to meet the demands of specific tasks,
scaffolded circuits are less efficient than honed networks in the younger brain. Therefore, the
STAC theory suggests a positive relationship between scaffolding and the magnitude of neural
damage. Reliance on scaffolding could be a sign of declined performance and accelerating aging.
Future Direction
Evidence from studies utilizing fMRI, TMS, and PET has accelerated our understanding
of the neural correlates of aging in cognitive tasks. Similar studies investigating changes of
motor function in aging could energize the field by producing findings that enhance current
models or show the need to develop new ones. Indeed, researchers in the field of motor behavior
have already realized the potential correlation of reduced asymmetry at both the behavioral and
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neural level. Przybyla et al. proposed that the reduced motor asymmetry in older adults reveals
less specialization of the aging brain. The decreased efficiency of contralateral control over
sensorimotor function requires recruitment of ipsilateral circuit for compensation (Przybyla,
Haaland, Bagesteiro, & Sainburg, 2011). The view is consistent with the findings of
neuroimaging studies as increased activation in the ipsilateral hemisphere has been observed in
older adults (Hutchinson et al., 2002; Langan et al., 2010; Riecker et al., 2006; Ward et al.,
2008). Although the hypothesis on the link between motor and hemispheric lateralization is
plausible, future research is still needed due to the lack of direct neural evidence in the research
on motor asymmetry (Przybyla et al., 2011).
The neuroimaging studies included in the mini review involved motor tasks. However,
the motor tasks were performed with the dominant hand and thus could not provide evidence on
motor asymmetry. In the current motor behavior research, motor asymmetry is measured by
behavioral differences between dominant and non-dominant limbs. The reviewed studies only
focused on motor performance between older and young adults, leaving the motor asymmetry
issues unaddressed. According to the findings of the mini review, no direct evidence has been
provided regarding the potential connection between reduced asymmetries at both the behavioral
and neural level. The database search indicates a gap within the current literature of research on
hemispheric and motor asymmetry in aging: While the existing motor research applied
neuroimaging techniques did not focus on motor asymmetry alterations across ages, the studies
concerned with motor asymmetry did not use neuroimaging techniques. Therefore, the
relationship between motor and hemispheric asymmetry in aging remains elusive.
Due to the lack of direct evidence on the correlation between age-related hemispheric and
motor asymmetry reduction, we propose that future research should bridge the gap by integrating
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neuroimaging techniques into tasks designed for motor asymmetry. The motor tasks applied to
current motor asymmetry studies include finger-tapping (Sivagnanasunderam et al., 2015), grip
strength (Koda et al., 2018), arm-reaching (Przybyla et al., 2011), and graphic tasks (Pan & Van
Gemmert, 2013). Previous research has identified reduced asymmetry in aging as asymmetric
movement patterns between the dominant and non-dominant hand exist in young adults whereas
the between-hand asymmetry in older adults is greatly reduced. Motor behavior researchers
proposed a possible explanation which attributed age-related reduction in motor asymmetry to
the less lateralized brain activation associated with aging (Przybyla et al., 2011; Raw, et al.,
2012). According to this viewpoint, older adults may indicate less lateralized cortical activation
patterns as well as reduced motor asymmetry. To prove such a view, motor asymmetry
experiments should include cortical activation monitored by neuroimaging techniques. To
identify the correlation between hemispheric lateralization and motor asymmetry during aging,
both brain activity and motor performance need to be simultaneously assessed in the same task.
Another interesting direction for future research is to observe neural circuit recruitment
when young and older participants are performing various motor tasks. Cortical activation is
task- and age-specific (Ward et al., 2008). The motor tasks used in previous neuroimaging
research are limited to simple movements such as finger-tapping (Calautti et al., 2001; Carp et
al., 2011; Naccarato et al., 2006; Riecker et al., 2006; Wu & Hallett, 2005), wrist
flexion/extension (Reuter et al., 2015), and button-press task (Mattay et al., 2002). Researchers
are likely to identify a variety of cortical activation patterns when participants are performing
complex movements. Indeed, application of fNIRS enables researchers to design studies in
which participants conduct cognitive and motor tasks at the same time (i.e., walking while
talking). The walking task associated with cognitive performance increases challenging character
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of the task which leads to cortical activation patterns such as compensatory-related utilization of
neural circuits hypothesis – CRUNCH (Fraser, Dupuy, Pouliot, Lesage, & Bherer, 2016;
Mirelman et al., 2017; Ohsugi, Ohgi, Shigemori, & Schneider, 2013) and even underactivation in
the aging brain (Beurskens, Helmich, Rein, & Bock, 2014; Stuart, Alcock, Rochester, Vitório, &
Pantall, 2019). The mini review only identified compensation and dedifferentiation as the
underlying mechanisms of cortical activation in aging. Future studies utilizing more complex
movements may expand our current knowledge about age-related impacts on movement patterns
and neural recruitment.
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CHAPTER III
AGE-RELATED EFFECTS ON HEMISPHERIC ASYMMETRY AND MOTOR
ASYMMETRY: PURDUE PEGBOARD TEST
Introduction
The theoretical gap identified in the previous literature review requires a study design
that could investigate motor asymmetry and cortical activation in both young and older adults
(Hill et al., 2019). Manual function has been an interest of motor asymmetry research. Clinical
assessments on manual dexterity and hand strength place specific attentions on motor output,
whereas biomechanical testing on kinematic variables provides details about movement control.
For example, the Purdue Pegboard test measures manual dexterity based on the number of pins
inserted into the holes on the pegboard (Desrosiers, Hebert, Bravo, & Dutil, 1995). The result of
this clinical test is easy for interpretation, but only indicates the performance outcome. In
contrast, graphic tasks conducted on the digitizer tablet provide kinematic information such as
velocity, stroke size, and movement accuracy (Pan & Van Gemmert, 2013; Raw, Wilkie, et al.,
2012). Based on the kinematic measures, researchers can analyze the movement process in
addition to the final outcome. Therefore, motor tasks applied to the current research project
consist of one clinical assessment and two biomechanical tests. In order to illustrate the
connections among the motor tasks, a summary of variables concerned in each study was listed
in the table below (Table 2). A clinical test may be appropriate for the first experiment of the
current research project, not only because clinical test is convenient to conduct, but also because
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some tests have been applied to examine motor asymmetry in terms of different age groups
(Francis & Spirduso, 2000; Teixeria, 2008).
Table 2
Summary of Motor Tasks and Variables Included in the Current Research Project
Motor tasks included

Variables included

Purdue Pegboard test

Number of pins inserted in 30 seconds.

Biomechanical test

Graphic test; aiming test

Graphic test: mean velocity, peak
velocity, stroke size, and RDP.
Aiming test: mean velocity, peak
velocity, hand path curvature, and RDP.

Brain activation
assessment

Brain activation assessment
was conducted through all
three motor tasks.

Frequency band: 8 – 13 Hz;
Regions: mainly frontal regions;
Dependent variable: relative amplitude.

Clinical assessment

Teixeira (2008) compared young adults with older adults in a series of manual tasks
involved with reaction time, finger tapping movements, anticipatory timing, grip strength, and
drawing. Older participants indicated reduced intermanual difference in grip strength, with the
right hand (dominant hand) showing a significant decline which resulted in similar performance
between both hands. In addition, a manual dexterity study also identified significant impact of
aging on manual asymmetry reduction (Francis & Spirduso, 2000). However, the reduced
manual asymmetry resulted from the improved performance in the nondominant hand (left hand)
rather than declined performance in the dominant hand identified in the grip strength study
(Teixeira, 2008).
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The discrepancy with respect to the patterns of motor asymmetry reduction in aging is an
interesting topic which is worth further investigation. Improved performance in the nondominant
hand of older adults is consistent with the prediction of the compensatory hypothesis. As the
dominant hand becomes less skillful due to aging, individuals would rely more on their
nondominant hand to meet the requirement of performing daily activities. Therefore, older adults
tend to use their nondominant hand more often than younger adults and develop their
nondominant hand performance through practice (Francis & Spirduso, 2000). An alternative
interpretation on manual asymmetry reductions is attributed to a consequence of overall
degeneration in neural connectivity. Aging seems to have a selective impact on the more
developed neuromuscular system at earlier ages, thus leading to a greater decline in functional
performance of the dominant hand (Teixeira, 2008).
As mentioned in the literature review, neuroimaging research has identified cortical
overactivation when older adults were conducting motor tasks, characterized by increased
bilateral hemispheric activation (Bernard & Seidler, 2012; Talelli, Ewas, Waddingham,
Rothwell, & Ward, 2008; Ward & Frackowiak, 2003). With the increasing evidence on reduced
hemispheric lateralization in aging, researchers proposed a hypothesis on the potential link
between motor asymmetry and hemispheric lateralization (Mattay et al., 2002; Raw, Wilkie, et
al., 2012). However, existing research did not provide direct evidence for the hypothesis that the
reduced motor asymmetry is related to reductions in hemispheric activation (Przybyla, Haaland,
Bagesteiro, & Sainburg, 2011). Therefore, an experiment in which young and older adults
perform a unimanual task by each hand would be helpful to address this specific interest of
study. In the meantime, using EEG allows researchers to examine the real-time brain activity
associated with the manual performance. To substantiate the hypothesis, evidence for the
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reduced asymmetries should be observed at both behavioral and neural levels. Young adults may
have a robust advantage in the dominant hand over the nondominant hand while showing
lateralized cortical activation within the contralateral hemisphere. Older adults, on the other
hand, may perform the motor task with both hands at a similar proficiency while displaying
increased cortical activation within the ipsilateral hemisphere.
Methods
Participants and Recruitment Procedures
Older adults were recruited from communities in Qingdao, China. Recruitment flyers
were disseminated in local senior living facilities. Young participants were undergraduate
students at Qingdao University of Technology. The whole recruitment process consisted of three
meetings. In the first visit to the senior living facilities, researchers sent out flyers to the residents
and briefly explained the purposes and procedures of the study. People who were interested in
participation would make further contact with the researchers according to the contact
information on the flyer. In the second meeting, researchers provided further details of the study
as well as precautions before the test (e.g., no alcoholic or caffeine drinks, avoiding vigorous
activity before the study, and keeping hair clean). If participants were willing to participate in the
study, researchers would schedule a time for the test. On the day of the test, the researcher and
participants met in a reserved laboratory at Qingdao University of Technology. The researcher
would check participants’ overall conditions in a brief conversation before the test. To ensure
good physical and mental status, participants were instructed to avoid alcohol or coffee the day
before the test, as well as intense physical activity at least 30 minutes before the test. If the
participant violated any of the above criteria, he or she was suggested to schedule another day for
the test.
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A total of 24 young adults (Age: 21.15 ± 2.74; Female = 12) and 24 older adults (Age:
72.67 ± 7.38; Mini-Mental State Examination: 26.75 ± 1.55; Female = 11) participated in the
study. No clinical assessment was conducted nor medical history was acquired from participants.
But to be eligible for participation, older participants had to meet the following criteria: 60 years
of age or older, right-handed, no or minimal neurological deficits and/or cognitive impairments
(Mini-Mental State Examination score > 24), no restrictive cardiovascular or respiratory
ailments, or no recent surgeries. Young participants were right-handed university students
without recent injury that might impair performance in the study. Informed consent forms were
signed by all participants prior to the study. The research protocol was approved by the
Institutional Review Board of the Mississippi State University.
Breakdown of Study Procedures
It took approximately 60 minutes for each participant to complete the three experiments.
The table below is a list of procedures for data collection.
Table 3
Procedures of Data Collection
Procedures
Greetings

Time
5 minutes

Check blood pressure
and heart rate

5 minutes

Sign informed
consent and fill out
forms

5 minutes

Notes
Short conversation to learn participant’s mental and
physical state.
Introduce the general idea of this research and ensure
participants are willing to participate.
This step is to double check participant’s status and
give a few more minutes for participants to reach a
resting state.
Briefly explain each experiment as participant is
reading the informed consent.
Then participants fill out handedness inventory and
older adults need to complete the mini-mental state
examination.
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Table 3 (continued)
Procedures
Put on the EEG
headset
Baseline EEG
Purdue Pegboard test
Transition
Graphic test
Transition
Aiming task
Total

Time
5 minutes

Notes
Make sure all electrodes are well connected

5 minutes

Baseline EEG is acquired when participant sits in a
chair with eyes open at a resting state.
5 minutes
Practice is given to ensure participant to be fully
acknowledged about operation. Participants usually
insert 5 to 6 pins for practice.
1 minute
Ask if participant needs to take a break. If not,
proceed to the next experiment.
12-15 minutes Participants usually practice 5 to 6 trials to fully
understand the operation.
1 minute
12-15 minutes Six trials are given, 2 trials for each direction.
55-60 minutes Young adults: 55 minutes; Older adults: 60 minutes

Manual Dexterity Test
This section provides details of the motor task performed by the participants, with the
subsequent sections being organized in the following sequence. First, we introduced the motor
task and discussed why the motor task was chosen based on the relevant studies. Second, we
illustrated the procedures of data collection in the motor task. The main purpose was to provide
details about how the experiment was conducted. Third, we explained the outcome measures
selected to assess each participant’s motor performance. Also, information regarding the
statistical analysis such as dependent and independent variables would be discussed.
Rationale for the test.
The Purdue Pegboard test has been proven to be a valid and reliable measure of finger
and hand dexterity (Buddenberg & Davis, 2000). Previous research identified reduced motor
asymmetry across ages in the Purdue Pegboard test (Francis & Spirduso, 2000). In addition, our
pilot study in manual dexterity also found evidence regarding age-related decline in motor
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asymmetry. While the right-handed younger adults indicated prominent advantage in the
dominant hand over the non-dominant hand (Right hand = 14.01 ± 1.68; Left hand = 12.63 ±
1.61, p < .001), older adults showed similar performance between both hands (Right hand = 8.65
± 2.74; Left hand = 8.85 ± 2.65, p = .602). For more details, please see the conference abstract in
the supplementary file (Appendix B). The evidence suggested the feasibility of using the Purdue
Pegboard test to assess an individual’s motor asymmetry. Also, as a widely used clinical
assessment, the Purdue Pegboard test is easy to implement. It is our interest to examine if the
reduced manual asymmetry observed in older adults is related to neural recruitment alterations
during aging. Therefore, using EEG to record brain activity during the Purdue Pegboard test may
provide evidence on our research interest.
Study protocol.
The Purdue Pegboard test (Lafayette Instrument Model #32020) consists of four tasks
including right-hand task, left-hand task, bimanual task, and assembly task. Because the primary
interest of the current study lied in motor asymmetry, only the two unimanual tasks were
conducted. Participants comfortably sat in front of a testing table on which the pegboard was
placed. There are two parallel rows of 25 holes each on the board. The task was to pick up one
pin at a time and place each pin in the hole as fast as possible. Performance of each trail was
scored according to the number of pins correctly placed in 30 seconds. Participants performed
three successive trials for each hand. The average score of the three trials was calculated for
participants’ performance. For more details of administering the Purdue Pegboard test, please
refer to the user manual (Tiflin, 1968).
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Measure of Cortical Activation
Cortical activation data were collected at a sample rate of 128Hz using a 14-electrode
EEG headset according to the 10-20 international system of electrode placement (EMOTIV Inc.,
San Francisco, USA). Figure 4 displays positions of the electrodes marked by orange circles. The
14 channels are positioned in the prefrontal (AF3, AF4), frontal (F3, F4, F7, F8), fronto-central
(FC5, FC6), occipital (O1, O2), parietal (P7, P8), and temporal (T7, T8) regions (Oliveira et al.,
2018). EEG data were filtered with a high-pass of 1 Hz and a low-pass of 50 Hz (Sailer,
Dichgans, & Gerloff, 2000). For each participant, a 5-minute EEG data baseline was recorded at
rest with eyes open (Quandt et al., 2016). Epochs containing electrode artifacts, muscle artifacts,
or head movements were removed manually by visual inspection (Sailer et al., 2000). Also, blink
or eye movement artifacts were eliminated by independent component analysis (Makeig, Bell,
Jung, & Sejnowski, 1996). Data processing and analysis were conducted in MATLAB using the
EEGLAB toolbox.

Figure 4.
Positions of the Emotiv EPOC electrodes aligned with the 10–20 system (Ramirez
et al., 2015).
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For the movement-based experiment, cortical activation was measured by Mu rhythm
with a frequency between 8 and 13 Hz (Gastaut, 1954; Pfurtscheller & Da Silva, 1999). Mu
rhythm is normally recorded in electrodes C3 and C4 overlying the primary sensorimotor
cortices (Pfurtscheller, 1989; Pfurtscheller, Brunner, Schlögl, & Da Silva, 2006). In other
movement-related studies, electrodes overlying the supplementary motor cortex and premotor
cortex (FC3 and FC4) also detected mu rhythm (Pfurtscheller, Neuper, Andrew, & Edlinger,
1997; Sailer et al., 2000). Based on the procedures of previous studies, our protocol analyzed
movement-related Mu rhythm (8-13 Hz) with a specific interest in electrodes over primary
sensorimotor cortex, supplementary motor cortex, and premotor cortex.
It is worth noting that spectral power of the EEG signal decreases in association with
cortical activation during motor performance (Quandt et al., 2016; Sailer et al., 2000). Eventrelated cortical activities are frequency specific changes of ongoing EEG signals, which are
revealed in the form of event-related synchronization (ERS) or desynchronization (ERD). The
ERS is an increased spectral power amplitude in response to an event whereas the ERD refers to
as a decrease in the spectral power amplitude (Pfurtscheller, 2001). Previous studies have
reported ERD in the sensorimotor cortex during movement preparation and execution (Leocani,
Toro, Manganotti, Zhuang, & Hallett, 1997; Pfurtscheller, 1989; Quandt et al., 2016; Toro et al.,
1994). For older adults with declined efficiency in neural connectivity, the decreased spectral
power suggests greater cortical activation in association with motor performance (Sailer et al.,
2000).
The quantification of the continuous EEG data is in accordance with the 3-step method
proposed by Pfurtscheller and Da Silva (1999). All event-related epochs will be extracted,
bandpass filtered, squared, and averaged over trials (Pfurtscheller et al., 1997). To reduce
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intersubject and interelectrode variability, spectral power will be expressed as a relative power
defined by the percentage of power change during movement in relation to the baseline (Gerloff
et al., 1998; Quandt et al., 2016; Sailer et al., 2000). The relative power is calculated by equation
1 and averaged across all trials for each participant.

𝑃𝑜𝑤𝑒𝑟𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 =

𝑃𝑜𝑤𝑒𝑟𝑚𝑜𝑣𝑒 − 𝑃𝑜𝑤𝑒𝑟𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒
× 100%
𝑃𝑜𝑤𝑒𝑟𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒

(1)

Statistics
The statistical analyses conducted included both a one-way repeated analysis of variance
(ANOVA) and a two-way mixed ANOVA. The statistical methods were applied in accordance
with previous motor asymmetry study in which manual performances in two conditions were
compared (Wang, et al., 2011). Similarly, we applied a one-way repeated ANOVA to examine
the difference between the left and right hand in each age group. Therefore, hand (Left vs Right)
was the within-group variable and a significant effect would indicate motor asymmetry. If
reduced motor asymmetry in aging was found (Wang et al., 2011; Pan & van Gemmert, 2013;
2016), a one-way repeated ANOVA should identify significant result only in the group of young
adults, not in the group of older adults.
In addition, a two-way mixed ANOVA aimed to identify potential change across ages.
Motor asymmetry was the difference between left hand and right hand. The difference could be
displayed as the slope of the line representing either the young group or older group (Figure 5).
A steep slope implied a large motor asymmetry, and a horizontal line revealed a symmetric
performance between the two hands. While hand (Right vs Left) was the within-group variable,
age (Young vs Old) was considered the between-group variable. The extent to which the slope
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changes from young adulthood to older adulthood could be measured by the interaction effect
between hand and age. A significant decline in the interaction effect from young adulthood to
older adulthood could imply the reduced motor asymmetry over the life span. Thus, the
interaction effect between hand and age would be the focus of the statistical analysis.
In accordance with the statistical analysis on motor performance, similar methods were
applied to examine cortical activation. For cortical activation pattern, spectral power was
analyzed for all frequencies of Mu rhythm (8-13 Hz). Also, EEG analysis was based on the 6
electrodes on each hemisphere involving the frontal, temporal, and parietal lobes. One pair of
electrodes covering the occipital lobe were not included primarily because the occipital lobe
mainly involves visual information processing. Relative power of the 6 electrodes within the left
hemisphere was averaged and compared with the relative power of the corresponding electrodes
within the right hemisphere. One-way repeated ANOVA examined brain asymmetry in terms of
both the young and older group. A significant result (p < .05) would suggest the asymmetric
pattern between left and right hemispheric activation. In addition, a two-way mixed ANOVA
was conducted to investigate the potential changes in hemispheric asymmetry across ages. The
interaction effect between hemispheres (Right vs Left) and age (Young vs Old) would be the key
finding with respect to the interest of the study.
Results
Motor Asymmetry Associated with Aging
One-way repeated ANOVA identified a significant difference between left- and righthand performance in young adults (Left hand = 12.58 ± 1.02, Right hand = 14.47 ± 0.84, F(1,23)
= 16.876, p < .001), but not in older adults, Left hand = 12.02 ± 1.31, Right hand = 12.27 ±
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1.19, F(1,23) = .836, p = .37. The results indicated motor asymmetry in young adults and
provided evidence that motor asymmetry tends to decline during aging.
Two-way mixed design ANOVA identified a significant main effect of age, with young
adults outperforming older adults at a significant level, Young = 13.52, Old = 12.15, F(1,46) =
4.206, p = .046. The result provided evidence for the fact that older adults experienced an overall
decline in manual performance. The interaction effect between hand and age examined how
motor asymmetry changed from young adulthood to older adulthood. The significant interaction
effect, F(1,46) = 21.90, p < .001, indicated a significant change over the life span. This trend
associated with aging is evident in Figure 5 which displayed a larger slope in young adults than
that in older adults, suggesting decreased motor asymmetry in aging. The figure can be
interpreted in another way that performance of both hands tends to become more balanced as
people age. The reduced motor asymmetry is largely attributed to the greater extent of decline in
the right (dominant) hand performance. Therefore, a conclusion can be reached that motor
asymmetry declined from young adulthood to older adulthood (Table 4).
Table 4
Summary of Motor Performance and Relative Power of Hemispheric Activation in the Purdue
Pegboard Test
Left hand performance
Age

Left hand

Right hand

Young

12.58

Old

12.02

Right hand performance

Left
hemisphere

Right
hemisphere

Left
hemisphere

Right
hemisphere

14.47

-25.57%

-38.34%

-41.92%

-15.07%

12.27

-30.95%

-29.35%

-38.34%

-31.92%

43

Figure 5.

Purdue Pegboard test performed by younger and older adults.

The solid (blue) line representing young adults has a larger slope than the dash (red) line
representing older adults, suggesting prominent motor asymmetry in young adults.

Brain Asymmetry Associated with Aging
Hemispheric activation in relation to the right-hand performance.
EEG analysis is based on the mean relative power of 12 electrodes (6 electrodes on each
hemisphere) covering the frontal lobe (AF3/AF4, F3/F4, F7/F8, FC5/FC6), temporal lobe
(T7/T8), and parietal lobe (P7/P8). When older adults were performing the Purdue Pegboard test
by right hand, one-way repeated ANOVA indicated no significant difference in the cortical
activation between left and right hemisphere (Relative power: left hemisphere = -38.34% ±
11.68, right hemisphere = -31.92% ± 8.97, F(1,23) =.539, p = .47). But, young adults indicated
significantly greater activation in the left hemisphere (Relative power: left hemisphere = 41.92% ± 10.89, right hemisphere = -15.07% ± 9.39, F(1,23) =11.007, p = .003). Although
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young adults indicated slight activation within the ipsilateral (right) hemisphere, the level of
cortical activation between two hemispheres was still significant. The interaction effect between
age was not statistically significant, F(1,46) = 2.625, p = .112, suggesting nonsignificant changes
in interhemispheric difference from young adulthood to older adulthood. The relative power of
hemispheric activation in relation to the right-hand performance was summarized in Table 4.
The topography (Figure 6a) displayed symmetric activations between the two
hemispheres of older adults, which was characterized by dark blue areas (ERD) on both sides.
On the other hand, the topography of the young brain indicated dark blue areas in the left
hemisphere, but light blue areas in the right hemisphere (Figure 6b). Figure 6c indicated a large
slope of the line referring to the young adults. But, the aging brain was characterized with
comparable levels of activation in both hemispheres. There was an increase in the right
hemispheric activation from young adulthood to older adulthood.

Figure 6.
Cortical activation in association with right hand performance in the Purdue
Pegboard test.
Figure 6a is the topography of older adults; 6b is the topography of young adults; and 6c displays
the relative power of hemispheric activations (left and right hemisphere) between the age groups.
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Hemispheric activation in relation to the left-hand performance.
When it comes to the right-hand performance, the hemispheric activation in the aging
brain did not show a significant difference (Relative power: left hemisphere = -30.95% ± 13.91,
right hemisphere = -29.35% ± 10.51, F(1,23) =.037, p = .850). In contrast, when young adults
were performing the task by left hand, the difference between the two hemispheres was
significant (Relative power: left hemisphere = -25.57% ± 14.03, right hemisphere = -38.04% ±
11.02, F(1,46) = 4.847, p = .038), suggesting asymmetric patterns in hemispheric activation
(Table 3). Despite the increased ipsilateral hemispheric activation associated with aging, the twoway mixed ANOVA did not find significant interaction effect, F(1,46) =.880, p = .353,
suggesting that the change of hemispheric activations across ages was non-significant.
Figure 7a and 7b were brain topography of older adults and young adults, respectively.
The dark blue represented greater cortical activation than light blue and green. Compared with
the young brain, which is characterized by greater activation in the right hemisphere, the aging
brain indicated comparable activations between left hemisphere and right hemisphere. This
pattern was evident in Figure 7c which indicated hemispheric activations in young and older
adults. The blue line referring to the young adults had a steep slope, suggesting an asymmetric
pattern in hemispheric activation. In accordance with the left-hand performance, the right
hemisphere was more activated than the left hemisphere (Relative power: left hemisphere = 25.57%, right hemisphere = -38.04%). However, the red line representing older adults only had a
slight slope, suggesting reduced asymmetry in cortical activation. In addition, Figure 7c
indicated the feature of the aging brain with greater activation in the left (ipsilateral) hemisphere
than that in the right (contralateral) hemisphere (Relative power: left hemisphere = -30.95%,
right hemisphere = -29.35%).
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Figure 7.
Cortical activation in association with left hand performance in the Purdue
Pegboard test.
Figure 7a is the topography of older adults; 7b is the topography of young adults; and 7c displays
the relative power of hemispheric activations (left and right hemisphere) between the age groups.

Discussion
This experiment based on Purdue Pegboard test was conducted to examine cortical
activation in coincident with intermanual difference across age groups. The experiment identified
consistent findings with previous research regarding changes of motor asymmetry over the life
span (Francis & Spirduso, 2000; Teixeira, 2008). Young adults in our experiment indicated
favorable performance with the dominant (right) hand, and this advantage was statistically
significant. As people age, the difference between left- and right-hand performance declines,
resulting in the reduced motor asymmetry in older adults. This trend is evident when we take a
further look at the results of both one-way repeated ANOVA and two-way mixed ANOVA.
According to the one-way repeated ANOVA, significant difference between the dominant hand
and nondominant hand was observed in young adults, but not in older adults. A developmental
perspective may attribute the changes to the effect of aging. This perspective was substantiated
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by the significant interaction effect (Age × Hand) identified in the two-way mixed ANOVA,
suggesting that aging did affect the intermanual difference.
The two hands experienced different rates of performance decline during aging. Figure 5
provided a direct view of age-related changes in motor asymmetry. While the left hand showed a
slight reduction over the life span, the right hand indicated a dramatic decline in performance
from young adulthood to older adulthood. The declined performance on the dominant side is the
reason for the reduced motor asymmetry, which appears to be opposite to the compensatory
mechanism observed in previous motor behavior research (Przybyla et al., 2011). It is reasonable
to find various mechanisms underlying the age-related reduction in motor asymmetry, given the
widely accepted opinion that reduced motor asymmetry is task-dependent (Pan & Van Gemmert,
2013; Raw, Wilkie, et al., 2012). Therefore, further experiments developed upon different motor
tasks are needed to establish a holistic image about changes in motor asymmetry over the life
span.
Cortical activation becomes less lateralized with aging, which is consistent with findings
of the previous neuroimaging research (Carp et al., 2011; Hutchinson et al., 2002; Wu & Hallett,
2005). A major contribution of the current study is to substantiate the hypothesis regarding the
connection between the reduced motor asymmetry and the reduced brain asymmetry associated
with aging. The contralateral hemispheric activation in relation to the hand movement is
noticeable in young adults (Figure 6b and 7b). For older adults, both hemispheres were activated
at a comparable level during the motor performance (Figure 6a and 7a). It may be worth pointing
out that event-related desynchronization (ERD) was identified within the ipsilateral hemisphere
of young adults when performing the Purdue Pegboard test. However, unlike older adults with
comparable cortical activations in both hemispheres, young adults indicated significantly greater
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activation in the contralateral hemisphere than the activation in the ipsilateral hemisphere. It is
interesting to find that cortical activation in the contralateral hemisphere maintained at a stable
level over the life span. A large extent of age-related change occurred in the ipsilateral
hemisphere. The finding suggests that, instead of working “harder” within the same hemisphere,
the aging brain adopted a different strategy by recruiting additional neural resources in the other
hemisphere, thus leading to bilateral activation in the aging brain.
The significant main effect of age indicated the overall decline in older adults’
performance in the Purdue Pegboard test, suggesting that bilateral cortical activation did not
benefit motor performance of older adults. The finding raised another concern with the
relationship between neural recruitment and motor performance. According to the existing
models and theories in the aging neuroscience, cortical overactivation associated with declined
motor proficiency is considered dedifferentiation (Bernard & Seidler, 2012; Carp et al., 2011;
Reuter, Behrens, & Zschorlich, 2015). Dedifferentiation reflects increased difficulties in
recruiting specific brain regions with advanced aging (Li & Lindenberger, 1999). The aging
brain is characterized by less distinctive cortical representations in motor control (Li,
Lindenberger, & Sikström, 2001), and the diffuse brain activation may raise neural noise in the
neuromuscular system and the central nervous system (Seidler et al., 2010). Therefore, the
cortical overactivation in older adults is either irrelevant to motor performance or associated with
poor performance (Heuninckx, Wenderoth, & Swinnen, 2008).
Although dedifferentiation can provide a plausible explanation to the cortical
overactivation associated with declined motor performance, it is possible that neural
compensation rather than dedifferentiation plays a dominant role in motor control.
Dedifferentiation was evident in terms of right-hand performance as well as average performance
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of both hands which did indicate a significant decline in aging. However, older adults maintained
comparable performance to young adults in terms of left-hand performance, which showed the
beneficial effect on motor performance. In this respect, the cortical overactivation in relation to
the nondominant hand performance should be classified as compensation (Ward & Frackowiak,
2003; Ward, 2006). A paradox regarding the neural mechanisms existed when we examined agerelated changes in overall performance of both hands or nondominant hand. It would be
confusing if we attributed dedifferentiation to dominant hand but compensation to nondominant
hand. A more reasonable explanation is that cortical overaction exerted compensatory effect on
performance of both hands. But, the effect can be observed only in a task with low or moderate
difficulty. The compensatory effect would diminish and eventually fail to meet the increasing
demand on motor performance. The Purdue Pegboard test demands high competency such as
movement accuracy and eye-hand coordination which are subject to aging. Therefore, recruiting
additional cortical resources would be insufficient to compensate the age-related decline in motor
function. However, it may be too early to determine which model is feasible to interpret agerelated decline in the behavioral outcome. The movement-based studies in the subsequent
sections will provide further evidence in this respect.
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CHAPTER IV
AGE-RELATED EFFECTS ON HEMISPHERIC ASYMMETRY AND MOTOR
ASYMMETRY: GRAPHIC TEST
Introduction
Handwriting is a major interest of motor behavior research because it reveals the control
of the central nervous system (CNS) over human movements (Dounskaia, Gemmert, &
Stelmach, 2000). The production of legible handwriting requires a delicate manipulation of the
pen and multi-joint coordination in arm, wrist, and digits (Hooke, Sohit, Jaebum, Yoon Hyuk, &
Jae Kun, 2012). Therefore, writing is a much more complex task than it appears to be. Indeed,
previous literature mentioned that the biomechanical systems related to handwriting have at least
10 degrees of freedom (Teulings, 1996). In the movement patterns of circle drawing, the pen
motion contains three orthogonal components of control, including a radial component causing
the centripetal acceleration of the pen, a tangential component causing deviations to a
mathematically perfect circle, and a vertical component causing a pressure (parallel to gravity)
on the writing surface (Hooke, et al., 2012). In addition, the hand-finger system includes two
main components of handwriting. One degree of freedom is coordination of all finger joints
resulting in the pen motion, while the other is rotation of the entire hand around the wrist
(Dounskaia et al., 2000; Teulings, Thomassen, & Maarse, 1989). Cognitive demand is another
influential factor on handwriting patterns. Galen has identified a positive correlation between the
processing demands and the number of words to be written in a sentence (Galen, 1991). As
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cognitive demands in a writing task increases, alterations can be observed in movement time,
total pause time, peak acceleration, normalized jerk, and writing size (Van Gemmert, Teulings,
& Stelmach, 1998, 2001). Considering the complexity and the rich information provided in the
handwriting patterns, we attempted to investigate age-related impacts on motor asymmetry by
means of handwriting tasks.
A digitizer tablet is a commonly used instrument for handwriting experiment. While the
digital pen is moving, the digitizer tablet records data on position and force at a specific time
point. The raw data consist of three columns which present coordinate at y-direction, coordinate
at x-direction, and pressure on the tablet surface. The number of data points shows the amount of
time to complete each drawing task. If sampling rate is at 100 Hz, the tablet collects 100 samples
per second. Suppose there are 200 data points in a trial, then the trial takes 2 seconds. Based on
the information about time and position, we can calculate a series of kinematic measures of the
pen motion, including velocity (the rate of change in position), peak velocity, stroke size, and
ratio of the deceleration phase.
One of the commonly used handwriting patterns in the previous studies is loop. The
graphics are similar to a cursive ‘llllllll’ pattern which requires repetition of a continuous
counterclockwise drawing progressing to the right. The pattern includes a relatively sharp
reversal at the top of the drawing and a curved reversal at the bottom. The continuous alternation
between curved reversals and sharp reversals inhibits participants using the same coordination
strategy repeatedly, which increases control complexity (Van Gemmert, et al., 2001). Previous
research has proposed that timing of forces produced by the fingers and wrist are essential for
eligible handwriting. If the force produced by the fingers is not temporally linked to the force
produced by the wrist, the spatial configuration of the handwriting can be distorted into a
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different form (Schomaker, 1989). Because handwriting is sensitive to the coordination patterns,
it is reasonable to use the loop-drawing task to investigate age-related changes in movement
patterns and outcomes during an individual’s lifespan.
By combining EEG assessment with Purdue Pegboard test, the first experiment identified
age-related reductions in both motor asymmetry and brain asymmetry (see Chapter 3). This
finding provided evidence for the hypothesis regarding the link between behavioral asymmetries
and neural asymmetries (Przybyla, et al., 2011; Schaefer, Haaland, & Sainburg, 2007, 2009).
Because the Purdue Pegboard test only reflects the performance outcome, follow-up research
examining comprehensive movement-related variables is necessary for further insights into
effects of aging on both neural and behavioral asymmetries.
Another interest of the follow-up research lies in the neural mechanism underlying agerelated changes in manual performance. Previous studies only involves dominant hand
performance in the motor task (Heuninckx, Wenderoth, & Swinnen, 2008; Naccarato et al.,
2006; Sailer, Dichgans, & Gerloff, 2000; Ward, Swayne, & Newton, 2008; Ward, 2006). By
comparing older adults with young adults in the motor performance, researchers can attribute the
cortical overactivation in aging to either compensation or dedifferentiation (Carp, Park, Hebrank,
Park, & Polk, 2011; Reuter, Behrens, & Zschorlich, 2015). However, such a conclusion may be
problematic when performance of both hands is considered. In the first experiment, older adults
indicated declined performance in dominant hand but maintained comparable performance to
young adults in left hand. Based on performance of dominant and nondominant hand, discrepant
conclusions about the neural mechanisms would be reached. The primitive findings in the Purdue
Pegboard test may not lead to any firm conclusion but did raise somewhat concerns with the
current hypothesis that excess cortical recruitment that results in behavioral deficits is considered
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dedifferentiation, whereas compensation is defined as excess cortical recruitment that results in
performance benefits (Bernard & Seidler, 2012; Seidler et al., 2010). Therefore, subsequent
research on asymmetries at both behavioral and neural levels may provide further evidence on
this point.
Methods
Study Protocol
Participants sat in front of a laptop and placed their arms on a digitizer tablet (WACOM
Intuos3 12 × 19). The digitizer tablet recorded the x- and y-positions of the tip of the pen with a
sampling frequency of 200 Hz and a spatial resolution of 0.001 cm (Van Gemmert et al., 2001).
Each trial was low-pass filtered at 8 Hz (Butterworth). According to the instructions displayed on
the laptop screen, participants drew 8 loops in a target zone at either a comfortable speed or max
speed (Figure 8). The experiment consisted of three size conditions (small, normal, and large)
and two speed levels (comfortable vs fastest).

Figure 8.

Demonstration of the graphic test.
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Each combination of the conditions was performed in 4 trials, which resulted in a total of
24 trials (4 trials × 6 conditions) per hand and 48 trials for both hands. The drawing started from
the left side and progressed to the right. Before the actual experiment started, participants
conducted at least six practice trials to familiarize themselves with the protocol. After the
practice section, participants took the trials in a pseudo randomized order (Dounskaia et al.,
2000; Van Gemmert et al., 1998, 2001; Pan & Van Gemmert, 2013). The three stroke sizes were
1 cm, 3 cm, and 5 cm (Van Gemmert, et al., 2001). Because the normal size of drawing ranges
between 0.5 cm and 1 cm, 1 cm was selected as the smallest size condition in this experiment
(Thomassen & Teulings, 1985). Both the 3 cm and 5 cm stroke sizes are larger than the normal
size of handwriting, which require different mechanisms of motor control. Whereas the
handwritings of 3 cm are performed predominantly with the wrist-finger coordination, 5 cm
strokes are executed with additional use of the elbow joint (Van Gemmert, Adler, & Stelmach,
2003). Therefore, the three stroke sizes were chosen due to different coordination patterns in
relation to specific handwriting size. Verbal feedback after trials was given to remind the
participants to meet both size and speed requirements.
Kinematic Measures
The graphic test examined the kinematic measures of handwriting movement and
assessed movement patterns through four variables including mean velocity, peak velocity, and
ratio of the deceleration phase (Yu, Van Gemmert, & Chang, 2017). The beginning of each
stroke was defined as the first positive value of the pen-tip movement in y-coordinate.
Accordingly, the end of each stroke was defined as the last non-positive value of the pen-tip
movement in y-coordinate. Descriptions of each measure are provided below.
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Mean velocity.
The first step was to calculate the mean tangential velocity of each stoke. Because each
trial consisted of 8 strokes, the second step was to calculate the mean tangential velocity across 8
strokes. The result of the second step was the mean tangential velocity of a trial. Then mean
velocity was averaged across all trials and participants. The tangential velocity per stroke was
computed based on equation 2, in which x1 and x2 referred to the pen-tip positions at the two
time points (t1 and t2).

𝑡𝑎𝑛𝑔𝑒𝑛𝑡𝑖𝑎𝑙 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 =

√(𝑥2 − 𝑥1 )2 + (𝑦2 − 𝑦1 )2
𝑡2 − 𝑡1

(2)

Peak velocity.
The first step was to identify the maximal tangential velocity for each stroke. Then the
peak velocity of each trial was calculated by averaging the maximal tangential velocity across 8
strokes. Based on the peak velocity of each trial, we can calculate peak velocity across all trails
and participants.
Ratio of the deceleration phase (RDP).
As a measure of movement efficiency, RDP was calculated by the time from peak
tangential velocity to a turning point over the total movement time (Equation 3). Each stroke
consisted of two turning points. The first turning point was the apex of the ascending phase while
the second turning point was the end of the stroke. A ratio of 50% implies the highest efficiency,
suggesting equal duration for acceleration and deceleration. In contrast, a ratio greater than 50%
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suggests more time spent on deceleration, and a ratio less than 50% indicates more time spent on
acceleration. Both movement patterns are considered less efficient.

𝑅𝐷𝑃 =

𝑡𝑖𝑚𝑒 𝑜𝑓 𝑑𝑒𝑐𝑒𝑙𝑒𝑟𝑎𝑡𝑖𝑜𝑛 𝑝ℎ𝑎𝑠𝑒
× 100%
𝑚𝑜𝑣𝑒𝑚𝑒𝑛𝑡 𝑡𝑖𝑚𝑒

(3)

Outcome Measure
In addition to the above-mentioned kinematic variables, stroke size reflects performance
outcome. The graphic test involved three target sizes. The average stroke size closer to the target
size was considered better performance.
Stroke size.
The first step was to determine the coordinates of two turning points of each stroke. The
first turning point was the transition between ascending phase and descending phase, which was
the apex of a stroke. The second turning point was marked as the transition from descending
phase to ascending phase of next stroke. The perpendicular distance between the two points was
taken as the stroke size. The strokes size was averaged across all trials and participants.
Results
Motor Asymmetry Associated with Aging
Mean velocity.
One-way repeated ANOVA identified a significant difference in the group of young
adults (Left hand = 29.64 ± 3.25 cm/s, Right hand = 33.58 ± 3.95 cm/s, F(1,23) = 5.840, p =
.024), but not in the group of older adults (Left hand = 14.89 ± 3.06 cm/s, Right hand = 14.35
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± 4.15 cm/s, F(1,23) = .930, p = .345). The between-group variable showed a significant effect
of age as young adults performed the graphic task faster than older adults (Young = 31.43 cm/s,
Old = 14.62 cm/s, F(1,46) = 50.889, p < .001), which suggested a prominent impact of aging on
reducing movement speed. The results also indicated that motor asymmetry in terms of
movement velocity declined during aging. While older adults experienced significant decline in
both hands, a greater extent of decline was found in their right (dominant) hand (Figure 8). The
different rates of decline in velocity were evident in the significant interaction effect between
hand and age F(1,46) = 4.421, p = .041. The mean velocities of the left hand and right hand
across age groups is summarized in Table 5.

Figure 9.

Mean velocity of the graphic tasks performed by young and older adults.

The steep line (solid, blue) representing young adults indicates greater motor asymmetry than the
line (dash, red) referring to the older adults with reduced motor asymmetry.

Further analysis was made on each individual condition concerning both graphic size
(small, medium, or large graphics) and speed (comfortable or max speed). Within-group
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comparisons (left hand versus right hand) identified significant motor asymmetry in the
conditions of drawing medium graphics at maximum speed (Left hand = 32.57 cm/s, Right hand
= 40.99 cm/s, F(1,23) = 6.912, p = .015) and large graphics at maximum speed (Left hand =
44.92 cm/s, Right hand = 54.40 cm/s, F(1,23) = 4.961, p = .036). However, no significant
difference in velocity was seen in any of the conditions performed by older adults.
Table 5
Summary of Kinematic Measures and Relative Power of Hemispheric Activation in the Graphic
Test
Kinematic
measures

Left
hand

Right
hand

29.64

33.58

35.30

46.60

3.14

2.47

.541

.506

14.89

14.35

21.90

22.39

Left hand performance

Right hand performance

Left
hemisphere

Right
hemisphere

Left
hemisphere

Right
hemisphere

-6.95%

-35.01%

-29.40%

-3.17%

-26.90%

-25.65%

-42.52%

-37.17%

Young
Mean velocity
(cm/s)
Peak velocity
(cm/s)
Stroke size
(cm)
RDP
Old
Mean velocity
(cm/s)
Peak velocity
(cm/s)
Stroke size
(cm)
RDP

2.72

2.43

.522

.437
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Peak velocity.
Young adults indicated an asymmetric pattern with respect to the peak velocity during the
hand movement, which was evident by the significant difference between the left hand and right
hand (Left hand = 35.30 ± 4.10 cm/s, Right hand = 46.40 ± 5.05 cm/s, F(1,23) = 18.085, p <
.001). Older adults indicated a less asymmetric pattern in peak velocity, with no significant
difference between the two hands (Left hand = 21.90 ± 4.58 cm/s, Right hand = 22.39 ± 5.64
cm/s, F(1,23) = .033, p = .857). Peak velocity of left and right hands performed by young and
older adults was summarized in Table 5. The two-way mixed ANOVA identified a significant
effect of interaction between age and hand, F(1,46) = 7.971, p = .007, suggesting a significant
reduction in motor asymmetry from young adulthood to older adulthood. The age-related change
was clearly exhibited in Figure 10.

Figure 10.

Peak velocity of the graphic tasks performed by young and older adults.

Motor asymmetry in terms of the peak velocity is noticeable in young adults (solid, blue line),
whereas reduced motor asymmetry during aging is revealed by slight slope of the line
representing older adults (dash, red line).
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Further analysis examined specific conditions contributing to the significant effect in the
overall result. Young adults indicated a significant intermanual difference in peak velocity in the
following tasks with respect to drawing small graphics at a comfortable speed (Left hand = 22.59
cm/s, Right hand = 29.85 cm/s, F(1,23) = 4.961, p = .036), medium graphics at a comfortable
speed (Left hand = 27.64 cm/s, Right hand = 34.59 cm/s, F(1,23) = 4.406, p = .047), medium
graphics at max speed (Left hand = 38.68 cm/s, Right hand = 55.01 cm/s, F(1,23) = 6.761, p =
.016), and large graphics at max speed (Left hand = 52.21 cm/s, Right hand = 73.37 cm/s,
F(1,23) = 5.280, p = .031). Older adults indicated no significant effect in any of the tasks.
Ratio of deceleration phase (RDP).
Both young and older adults indicated significant results in the RDP. Because a ratio
close to 0.5 was considered high movement efficiency, young adults indicated higher efficiency
in the right hand than that in the left hand (Left hand = .541 ± .020, Right hand = .506 ± .039,
F(1,23) = 4.847, p = .038). A significant difference was also identified in older adults (Left hand
= .522 ± .031, Right hand = .437 ± .024, F(1,23) = 12.145, p = .002), but the significant
difference was attributed to the large extent of decline in older adults’ right-hand performance
(Figure 11). While the RDP suggests comparable performance in young and older adults’ left
hand (Young = .541, Old = .522), a considerable difference can be identified in the right-hand
performance (Young = .506, Old = .437). Due to the large variation in the right-hand
performance between young and older adults, a significant interaction effect was identified,
F(1,46) = 4.332, p = .043. Compared with young adults who indicated approximately symmetric
patterns in acceleration and deceleration, older adults exhibited a movement pattern with
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relatively longer duration in acceleration. RDP of left and right hands performed by young and
older adults was summarized in Table 5.
Further analysis indicated two conditions associated with significant intermanual
difference regarding movement efficiency. Young adults had similar performance with the left
and right hand when drawing small graphics at max speed (Left hand = .530, Right hand = .513,
F(1,23) = .191, p = .666) and medium graphics at max speed (Left hand = .538, Right hand =
.505, F(1,23) = .487, p = .492). However, older adults showed a significant difference in the
condition of drawing small graphics at max speed (Left hand = .530 Right hand = .440, F(1,23) =
4.792, p = .039) and medium graphics at max speed (Left hand= .549 Right hand = .423, F(1,23)
= 5.146, p = .033). In both conditions, RDPs suggested higher efficiency in older adults’ lefthand movement given that the left hand had a ratio closer to 0.5 than the right hand.

Figure 11.

RDP of the graphic task performed by young and older adults.

Older adults indicate a remarkable difference between left hand and right hand in terms of
movement efficiency. As displayed in this figure, the difference is largely due to the declined
performance of the right hand. It is worth noting that the line of 0.5 represents the highest
efficiency of manual movement.
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Stroke size.
There was a marginal intermanual difference in average stroke size of graphics performed
by young adults, with 3.14 ± 1.38 cm for left hand and 2.47 ± .76 cm for right hand, F(1,23) =
4.124, p = .054. Compared with young adults, older adults indicated less difference between leftand right-hand drawings (Left hand = 2.72 ± 2.25 cm, Right hand = 2.43 ± 1.95 cm, F(1,23) =
2.637, p = .118). Therefore, no significant difference was identified in either young or older
adults. Age-related change in intermanual difference was nonsignificant according to the
interaction effect of two-way mixed ANOVA, F(1,46) = .809, p = .373. Although intermanual
difference tends to decrease from young adulthood to older adulthood, the change was not
statistically significant (Figure 12).

Figure 12.

Stroke size of the graphic task performed by young and older adults.

Considering the marginal effect identified in young adults, we examined stroke size
under each condition. Among the conditions with different combinations of speed (comfortable
63

or max speed) and size (small, medium, and large) requirement, young adults showed significant
intermanual difference when drawing small graphics at max speed (Left hand = 1.70 cm, Right
hand = .96 cm, F(1,23) = 7.074, p = .014). In the same task condition, older adults showed
comparable performance between left and right hand (Left hand = 1.63 cm, Right hand = 1.68
cm, F(1,23) = .058, p = .812).
According to the results in terms of small graphics performed at different speed levels,
particular focus should be placed on the change in the right-hand performance across ages.
Young adults indicated better adaptation in their right hand than older adults, which was
evidenced by the consistent stroke size performed at a comfortable speed (0.95 cm) and max
speed (0.96 cm). However, older adults indicated increased difficulty in producing small
graphics at max speed with their right hand, given the fact that stroke size of small graphics
increased from 1.21 cm in the condition of comfortable speed to 1.68 cm in the condition of max
speed. The increased stroke size was also identified in the left hand of both age groups. For older
adults, the stroke size increased from 1.50 cm at comfortable speed to 1.63 cm at max speed.
Age-related changes in the intermanual difference between comfortable speed and max speed
were evident in Figure 13. The red line representing older adults showed reduced intermanual
difference from comfortable speed to max speed (Figure 13a), whereas the blue line for young
adults became steeper due to the increased stroke size of the left hand, which contributed to the
significant intermanual difference in the condition of max speed (Figure 13b).
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Figure 13.

Stroke size of the graphic task performed by young and older adults.

Figure 13a displays the task of drawing small graphics at comfortable speed; 13b represents the
task of drawing small graphics at max speed. While performance of young adults was not much
affected by movement speed, right-hand performance of older adults was influenced to a large
extent, which was evidenced by increased stroke size associated with the right hand.

Hemispheric Asymmetry Associated with Aging
Hemispheric activation associated with right-hand performance.
The contralateral control was identified in young adults, with left hemispheric activation
in coincidence with right hand performance. The topography displayed greater activation in the
left frontal regions (F3, F7, and FC5) compared with the corresponding regions in the right
hemisphere (Figure 14a). The one-way repeated measures ANOVA identified a significant
difference between the two hemispheres (Left hemisphere = -29.40% ± 12.74, Right
hemisphere = -3.17% ± 10.65, F(1,23) = 5.840, p = .024), suggesting asymmetric patterns in
hemispheric activation. On the other hand, both hemispheres were activated at a similar level
when older adults performed the graphic task with right hand (Left hemisphere = -42.52% ±
12.49, Right hemisphere = -37.17% ± 9.82, F(1,23) = 1.229, p = .279). The reduced
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lateralization was displayed in the topography of the aging brain (Figure 14b). The extent of
change in hemispheric lateralization from young adulthood to older adulthood was assessed by a
two-way mixed ANOVA. The significant interaction effect between hemisphere and age
suggested great reductions in the hemispheric lateralization across ages, F(1,46) = 4.720, p =
.035). The age-related changes in hemispheric lateralization was presented in Figure 13c.
Hemispheric activation of young and older adults performing the graphic test by right hand was
summarized in Table 5.

Figure 14.

Cortical activation in association with right hand performance in the graphic test.

Figure 14a displays highly lateralized hemispheric activation in young adults; 14b indicates a
symmetric pattern in hemispheric activation of the aging brain; 14c shows the relative power of
both young and older groups, with a larger slope representing greater asymmetry in hemispheric
activation.

Hemispheric activation associated with left-hand performance.
For older adults, the relative power of left hemispheric activation and right hemispheric
activation was -26.90% ± 15.06 and -25.65% ± 15.68, respectively, with no significant
difference between the two hemispheres, F(1,23) = .015, p = .903. However, young adults
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exhibited significant difference between left and right hemispheres (Left hemisphere = -8.70%
± 16.47, Right hemisphere = -35.01% ± 15.40, F(1,23) = 5.280, p = .031). The topography
indicated the asymmetric pattern in young adults (Figure 15a), with the right hemisphere
(contralateral to the left-hand performance) being more activated than the left (ipsilateral)
hemisphere. In contrast, older adults indicated reduced hemispheric asymmetry associated with
the manual movement. Both hemispheres were activated at a comparable level, which was
presented by dark blue areas on both sides (Figure 15b). The two-way mixed ANOVA identified
a significant interaction effect between age and hemisphere, F(1,46) = 5.369, p = .025. The result
suggested a significant change in hemispheric lateralization over the life span. The asymmetric
cortical activation in young adults tends to become symmetric as a person ages (Figure 15c).
Hemispheric activation of young and older adults performing the graphic test by left hand was
summarized in Table 5.

Figure 15.

Cortical activation in association with left hand performance in the graphic test.

Figure 15a displays cortical activation of young adults. Although the frontal regions of the left
hemisphere were slightly activated during the left-hand performance, the right hemisphere was
still more activated at a significant level (p = .031). Figure 15b indicates comparable activation
between the two hemispheres of older adults. Figure 15c indicated the extent of cortical
activations between hemispheres, with significant hemispheric asymmetry in young adults (blue
line).
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Discussion
Age-related Changes in Motor Asymmetry – Handwriting
The graphic test provided information about kinematic measures as well as outcome
measures of performance. In general, this experiment found evidence for the conclusion that
aging reduces motor asymmetry with respect to a variety of kinematic measures such as mean
velocity, peak velocity, and the RDP. The significant effect of aging on the stroke size was
identified only in the condition of drawing small graphics at max speed. Whereas young adults
indicated motor asymmetry in stroke size along with increased speed, older adults showed
similar outcomes with two hands drawing small graphics at both normal and max speed.
The graphic test accounted for different combinations of movement speed and graphic
size which proved influential to handwritings (Van Gemmert et al., 2003; Thomassen &
Teulings, 1985). The current research generalized previous findings to motor asymmetry from
young adulthood to older adulthood. The speed requirement had a selective impact on young
adults because of significant motor asymmetry, characterized by right (dominant) hand
preference, was observed only when young adults performed at max speed. In other words, the
favorable performance with right hand was not present in the condition of normal speed which
might imply a relatively low difficulty level. When the task became demanding, the right hand
indicated greater capabilities to meet the challenging conditions than the left hand. As a measure
of performance outcome, stroke size provided evidence for the dynamic relationship between
task difficulty and motor asymmetry. The difference between the writing size and the target size
was used as a measure of performance accuracy. When young adults performed at max speed, a
speed-accuracy tradeoff was expected as a result of declined performance accuracy. In the
current study, young adults showed comparable performance between the left hand and right
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hand in all but one condition of drawing small graphics at max speed. In this task condition,
speed-accuracy tradeoff was identified in the left hand, but not in the right hand. Young adults
had no difficulty increasing speed while maintaining accuracy with their right hand, which
exhibited a significant advantage over the left hand. Therefore, task difficulty could be a
reasonable explanation for the significant intermanual difference observed only in the task of the
most demanding condition. This finding is consistent with one of the previous studies which
applied a variety of motor tasks to examine motor asymmetry across ages. That research had
little evidence to support generalized asymmetrical performance across motor tasks (Francis &
Spirduso, 2000). Instead, only the task with the most complex, speeded demands indicated agerelated reductions in motor asymmetry.
It is important to point out different implications between mean velocity and peak
velocity in movement analysis. In the graphic test, peak velocity exhibited more asymmetric
patterns, especially in the tasks performed at a comfortable speed. As mentioned in the previous
paragraph, task difficulty plays an important role in identifying motor asymmetry. When the task
was performed at a comfortable speed, no motor asymmetry in mean velocity was identified in
young adults or older adults. However, peak velocity of the manual performance at a comfortable
speed exhibited asymmetric patterns in young adults. When the task became increasingly
challenging, in which participants performed the task at max speed, both mean velocity and peak
velocity indicated significant intermanual difference in young adults. A hypothesis can be made
that mean velocity is a kinematic variable whereas peak velocity is a parameter underlying
movement patterns. Motor performance is subject to a variety of factors such as task requirement
and strategy adopted during performance. That explains why motor asymmetry in terms of mean
velocity was only observed when young adults were performing a challenging task at max speed
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instead of a relatively easy task at comfortable speed. On the other hand, peak velocity is an
essential indicator of movement pattern which remains stable across different tasks and
conditions. Therefore, motor asymmetry in terms of peak velocity was identified in young adults
performing both easy and challenging tasks. However, no evidence of motor asymmetry was
found in older adults performing either easy or challenging tasks. According to the hypothesis,
young adults may indicate symmetric features in performance (e.g., mean velocity), but maintain
asymmetric features in essential factors underlying movement patterns (e.g., peak velocity). In
addition, reduced motor asymmetry in older adults occurs not only in their performance, but also
in the essential factors underlying movement patterns.
The RDP provided information of movement efficiency, with 0.5 implying the highest
efficiency in manual control (Yu et al., 2017). Both young adults and older adults indicated a
significant difference between the left hand and right hand, but the reason for the asymmetric
manual performance identified in both groups was worth further discussion. Figure 11 displayed
the overall movement efficiency of young and older adults when performing the graphic task.
RDP of young adults’ right-hand performance was almost 0.5, indicating symmetric duration
between acceleration and deceleration in terms of the hand movement. The left hand of young
adults performed at a lower efficiency than the right hand. RDP of the left hand was above 0.5,
suggesting a prolonged deceleration phase during the movement. Older adults actually indicated
larger extent of motor asymmetry than young adults. While left-hand performance of older adults
was comparable to that of young adults, right-hand performance of older adults indicated a
considerable decline in the movement efficiency. The RDP of older adults’ right hand was 0.437,
suggesting longer duration from movement initiation to the peak velocity. The measure of
movement efficiency substantiated a conclusion in the Purdue Pegboard test. In the first
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experiment, reduced motor asymmetry in older adults was attributed to the declined performance
in the right (dominant) hand. In this graphic test, RDP provided evidence for the declined
movement efficiency in older adults’ right hand.
Age-related Changes in Hemispheric Lateralization
The topographies exhibited hemispheric lateralization in young adults (Figure 14a and
15a), but reduced asymmetry in the cortical activation in older adults (Figure 14b and 15b). By
examining the results of cortical activation along with the findings of the motor asymmetry, we
found evidence for the hypothesis that aging reduces functional asymmetry at both neural and
behavioral levels. The ipsilateral hemisphere to the moving hand was recruited at the same level
to the contralateral hemisphere in the aging brain. For young adults, the ipsilateral hemisphere
remained neutral or slightly activated during the hand movement. According to the existing
models in aging neuroscience, the reduced hemispheric lateralization in older adults can be
interpreted by the model of compensation (Cabeza, 2002) or dedifferentiation (Bernard &
Seidler, 2012). The compensatory model predicts beneficial motor outcomes as a result of
additional recruitment of the cortical resources (Mattay et al., 2002; Naccarato et al., 2006; N.
Ward & Frackowiak, 2003; Wu & Hallett, 2005). Specifically, with the increased activation in
both hemispheres, the non-dominant hand is expected to show improved performance to
compensate declined performance in the dominant hand (Przybyla et al., 2011).
In the current graphic test, stroke size was used to assess participants’ motor
performance. Older adults performed the task with the left hand at a comparable proficiency
level to young adults, suggesting that left-hand performance can be largely maintained from
young adulthood to older adulthood. In fact, it was the right hand that exhibited a significant
decline in the process of aging, which was evident by reduced performance accuracy associated
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with increased movement speed. The results seem to favor dedifferentiation over compensation
as the mechanism of cortical overactivation in relation to the motor performance.
Dedifferentiation attributes cortical overactivation to the reduced inhibitory control over cortical
regions (Park & Reuter-Lorenz, 2009). As the aging brain becomes less functionally specialized,
surrounding cortical regions irrelevant to the specific function can be activated as well. Because
the cortical overactivation results from the reduced efficiency of the brain function, activating
additional regions does not benefit motor performance of older adults.
However, it is still too early to reach a conclusion about whether the cortical
overactivation should be attributed to dedifferentiation or compensation, because of the paradox
mentioned in the first study based on the Purdue Pegboard test. Although right hand performance
declined because of aging, left hand performance was similar between young and older adults. It
is difficult to know if cortical overactivation played a role in maintaining comparable left-hand
performance between older adults and young adults. If the cortical overactivation did contribute
to maintaining left-hand performance of older adults, the neural mechanism should be attributed
to compensation. In this respect, the cortical overactivation would have some beneficial effects
on the right-hand performance of older adults. But the compensatory effects were not adequate to
counteract the prominent decline in functional performance during aging.
Reduced Asymmetry in Both Manual Performance and Hemispheric Activation
Aligned with the first study using the Purdue Pegboard test, the current study based on
the graphic test also identified reduced motor asymmetry in coincidence with reduced
hemispheric asymmetry during aging. Although the consistent finding in the two studies
provided supportive evidence for the link between manual asymmetry and hemispheric
lateralization (Przybyla et al., 2011; Raw, Wilkie, Culmer, & Mon-Williams, 2012), the current
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study designs, both Purdue Pegboard test and the graphic test, were not sufficient to determine
any causal relationship in terms of the age-related changes between motor asymmetry and
hemispheric asymmetry. It is still premature to say that reduced hemispheric asymmetry causes
reduced intermanual difference in older adults or vice versa. By integrating EEG into the motor
asymmetry task, the current study did address the major concern of researchers in motor
behavior, but more questions and concerns followed. Compared with traditional neural imaging
studies which only examined dominant-hand performance, motor asymmetry research led to
different views on age differences between neural connectivity and movement pattern.
Therefore, current knowledge base would be expanded with motor asymmetry tasks applied to
neural imaging research.
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CHAPTER V
AGE-RELATED EFFECTS ON HEMISPHERIC ASYMMETRY AND MOTOR
ASYMMETRY: AIMING TEST
Introduction
The first two experiments mainly involved fine motor control over repetitive movements.
In the Purdue Pegboard test participants repeatedly picked up and inserted pins in a 30-second
interval. In the graphic test participants drew 8 successive loops in each trial. To provide
comprehensive investigations regarding age-related effects on motor asymmetry and hemispheric
activation, the third study design accounted for the factors which have not been examined in
either the Purdue Pegboard test or the graphic test. Given that the previous motor tasks were
characterized by continuous movement, the third experiment placed a specific emphasis on
discrete movement controlled by the open-loop strategy. Limited correctness was allowed during
a discrete aiming movement (Smits-Engelsman et al., 2003). Therefore, an aiming task in which
participants used a power grip to direct a digital pen to a target was developed for the third
experiment.
The knowledge about neural recruitment over the life span has been rapidly accumulating
in the past two decades due to the wide application of the neuroimaging techniques. Since the
HAROLD model was proposed based on the fMRI research (Cabeza, 2002; Cabeza, Anderson,
Locantore, & McIntosh, 2002; Cabeza et al., 1997), multiple theories have been established to
explain effects of aging on cortical activation and corresponding changes in functional
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performance, such as dedifferentiation (Li & Lindenberger, 1999; Park et al., 2004), PASA
(Davis, Dennis, Daselaar, Fleck, & Cabeza, 2007), CRUNCH (Reuter-Lorenz & Cappell, 2008),
and STAC (Park & Reuter-Lorenz, 2009). Because the neural models in aging are specific to
cognitive function, recently, researchers attempt to extent the models to the field of motor control
in aging (Hill et al., 2019; Przybyla, Haaland, Bagesteiro, & Sainburg, 2011). Despite various
interpretations on the mechanisms underlying age-related changes in the neural recruitment, a
common opinion has been reached that aging leads to cortical overactivation, especially in the
ipsilateral hemisphere, which reduces hemispheric lateralization in motor control (Bernard &
Seidler, 2012; Reuter, Behrens, & Zschorlich, 2015).
In addition to the reduced hemispheric lateralization associated with aging, reduced
motor asymmetry has been observed in older adults. In alignment with the compensatory
perspective and the HAROLD model, the reduced motor asymmetry resulting from the improved
nondominant hand performance was interpreted as a compensation to the decline in the dominant
hand performance (Przybyla et al., 2011; Wang, Przybyla, Wuebbenhorst, Haaland, & Sainburg,
2011). Another logic was established upon the findings of greater decline in the dominant hand
performance, thus leading both hands to the same skill level (Francis & Spirduso, 2000; Teixeira,
2008).
With the increasing research evidence for similar age-related changes at both neural and
motor levels, researchers proposed a hypothesis regarding potential connections between reduced
motor asymmetry and reduced hemispheric lateralization in older adults. Although this
hypothesis is sound in reasoning, direct evidence is still absent. The lack of evidence suggests
the value of conducting a research study bridging the theoretical gap, but also poses a challenge
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on experimental design. To ensure the validity of our study, we must make a reference to the
relevant research work.
The most relevant study to our interest is the one concerned with age-related effects on
both cognitive performance and cortical activation measured by EEG (Learmonth, Benwell,
Thut, & Harvey, 2017). In this study, young (N = 19; Age: 18-25) and older adults (N = 19; Age:
60-80) conducted the landmark task with EEG recording the brain activities. A straight line was
separated into left and right sections. Participants needed to recognize which section was longer.
Previous research indicated that young adults had a tendency to overestimate size or length of
objects on the left side, known as pseudoneglect (Bowers & Heilman, 1980). The asymmetric
pattern in cognitive function is related to the dominant role of right posterior-parietal regions in
visuospatial processing (Learmonth et al., 2017). The study found that young participants
showed spatial bias towards the left side of space with significant right lateralization in centroparietal areas. However, no lateralization was present for either behavioral performance or
cortical activation in older adults. Further analysis identified a significant correlation between
right hemispheric asymmetry and leftward spatial bias, Spearman’s r = -0.47, p = 0.041,
(Learmonth et al., 2017). This study could be a model for our motor behavior study, although it
was an experiment designed for cognitive performance. Compared with the cognitive research in
which a landmark test was used as a measure of behavioral performance, our research could
employ the aiming task on a digitizer tablet. The landmark test identified spatial bias towards left
or right side, whereas the aiming task could examine if one hand indicated superior performance
over the other (i.e., dominant hand moves faster and more smoothly than nondominant hand).
According to the previous research findings, it is reasonable to expect significant motor
asymmetry in young adults, but symmetric performance between left and right hand in older
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adults (Przybyla et al., 2011; Raw, Wilkie, Culmer, & Mon-Williams, 2012). In our motor
behavior study, participants put on EEG throughout the research. It is our interest to find out if
motor asymmetry and brain lateralization could be observed simultaneously in young adults.
Accordingly, we want to know whether reduced motor asymmetry is associated with less brain
lateralization in older adults.
Methods
Participants
Participants of the aiming task were those conducted the previous experiments. There
were 24 college students (Age: 21.15 ± 2.74) recruited in the group of young adults and 24 older
adults (Age: 72.67 ± 7.38) in the group of older adults. All participants were right-handed.
Study Protocol
Participants sat in front of a laptop and rested their arms on a digitizer tablet (WACOM
Intuos3 12 × 19). The participants were instructed to direct a digital pen (WACOM ZP-130) over
the tablet from a start point to a given target on the monitor. The digitizer tablet records the xand y-positions of the tip of the pen with a sampling frequency of 200 Hz and a spatial resolution
of 0.001 cm (Van Gemmert, Teulings, & Stelmach, 2001). Each trial was low-pass filtered at 8
Hz, 3rd order Butterworth (Przybyla et al., 2011). Movement initiation was identified when the
tangential velocity reached a threshold of 5% of the peak velocity (Aiken, Pan, & Van Gemmert,
2017; Pan & Van Gemmert, 2016). The following description of the experimental design was
displayed in Figure 16.
At the beginning of each trial, three targets appeared on the monitor: central target which
was oriented 90° in relation to the horizontal axis, and two lateral targets which were 45° from
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the midline connecting the start position and the central target (Przybyla et al., 2011). All targets
and the start point had a diameter of 2.5 cm (Dounskaia, Gemmert, & Stelmach, 2000; Van
Gemmert et al., 2001; Van Gemmert, Adler, & Stelmach, 2003). Once the participant directed
the digital pen within the start position, two of the three targets disappeared. The participants
used a power grip to move the pen to the target as fast and as accurately as possible. Using the
power grasp is to imitate the arm reaching movement in a previous motor asymmetry study
conducted by Przybyla and colleagues (Przybyla et al., 2011). Arm reaching requires multi-joint
coordination in the shoulder and elbow while the wrist and digits remain relatively static during
the performance (Liu, Whitall, & Kepple, 2013). Power grasp restrains the range of motion in the
wrist and digits, which is different from tripod grasp with flexible motion in wrist and digits but
stable position in elbow and shoulder (Ziviani & Elkins, 1986). The visual feedback of the
trajectory of the tip of the pen was shown in real time on the monitor. A trial was considered
complete when the participant lifted the pen or stopped the pen within the target (Pan & Van
Gemmert, 2013). Then the test was reset for next trial. The study contained 30 trials for each
hand, with a total of 60 trials in this aiming task.

Figure 16.

Experimental design for the aiming test.

Figure 16a displays the setting before the start of each trial while 16b indicates the moment when
the pen tip touches the start point (red circle). Participants need to direct the pen to the given
target (green circle).
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Kinematic Measures
To analyze movement patterns in relation to the aiming task, five kinematic variables
were acquired, including mean velocity, peak velocity, RDP, hand path curvature, and
normalized jerk.
Mean velocity per trial was the average of all tangential velocities along the movement
path. The calculation was consistent with equation 2.
Peak velocity per trial was first identified as the maximum tangential velocity from the
start point to the target. Then mean peak velocity was the average across all trials and
participants.
RDP measured movement efficiency. The first step is to identify the time point at which
the peak tangential velocity was reached. The deceleration phase is the duration from the peak
velocity to the time point when the pen was lifted. The calculation for RDP was provided by
equation 3.
Hand path curvature was calculated by the distance between the start position and the
ending position divided by the hand displacement. Theoretically, a straight line should be
represented by a ratio of 1, which means a complete match between the movement path and the
straight line. Curvature in the drawing can increase the displacement of hand movement path,
making the ratio smaller than 1. Therefore, a small the ratio implied a large curvature in the
movement path.
Normalized jerk was defined as the rate of change in acceleration divided normalized for
stroke size and duration (Pan & Van Gemmert, 2013). Normalized jerk expresses the variability
of the hand movement, with a small value representing less variable movement (van Gemmert,
Teulings, & Stelmach, 1998).
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Statistics
Statistical analysis in the current study remained consistent with the methods applied to
the previous studies. One-way repeated ANOVA was first performed to examine motor
asymmetry in young and older adults. Motor asymmetry was measured by the difference
between left- and right-hand performance, with the p-value of 0.05 as the threshold for
significance. Within-group variable was hand, and dependent variables were the five kinematic
measures, such as mean velocity, peak velocity, RDP, normalized jerk, and hand path curvature.
In addition to the one-way repeated ANOVA examining intermanual difference of young and
older adults, a two-way mixed ANOVA investigated age-related changes in motor asymmetry. In
the two-way mixed ANOVA, hand (left and right) was considered the within-group variable
while age (young and old) was the between-group variable. The p-value of 0.05 was the
threshold to determine whether aging had a significant influence on motor asymmetry.
Results
Motor Asymmetry Associated with Aging
Mean velocity.
Young adults performed the aiming task with different velocities between left hand and
right hand. The right-hand movement was significantly faster than the left-hand movement (Left
hand = 28.16 ± 1.75, Right hand = 32.85 ± 2.18, F(1,23) = 12.145, p = .002). For older adults,
the intermanual difference was not significant given the mean velocity of left hand was 18.48 ±
3.06 and the mean velocity of right hand was 19.77 ± 2.83, F(1,23) = 1.815, p = .191. A
tendency of reduced motor asymmetry during aging was identified in mean velocity. The twoway mixed ANOVA identified significant interaction effect between age and hand, F(1,46) =
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4.667, p = .036, which was supportive evidence for age-related reduction in motor asymmetry
with respect to mean velocity (Figure 17). Mean velocities of left and right hands across age
groups was summarized in Table 6.
Table 6
Summary of Kinematic Measures and Relative Power of Hemispheric Activation in the Aiming
Test
Kinematic
measures

Left
hand

Right
hand

Mean velocity

28.16

32.85

Peak velocity

90.76

116.58

RDP

.634

.552

Normalized jerk

222

242

Path curvature

.841

.916

Mean velocity

18.48

19.77

Peak velocity

80.91

88.79

RDP

.622

.604

Normalized jerk

137

124

Path curvature

.956

.939

Left hand performance

Right hand performance

Left
hemisphere

Right
hemisphere

Left
hemisphere

Right
hemisphere

-5.26%

-45.53%

-49.09%

-2.92%

-32.14%

-30.36%

-34.71%

-29.17%

Young

Old
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Figure 17.

Mean velocity of the aiming task performed by young and older adults.

Although older adults (dash, red line) indicated right hand advantage over left hand, the
difference was non-significant (p =.191). Young adults (solid, blue line) displayed significant
difference between left and right hand (p = .036), suggesting motor asymmetry in young adults.

Peak velocity.
A significant intermanual difference in peak velocity was identified in young adults (Left
hand = 90.76 ± 8.53, Right hand = 116.58 ± 7.36, F(1,23) = 16.515, p < .001). However, the
difference between the left and right hand was non-significant in older adults (Left hand = 80.91
± 9.05, Right hand = 88.79 ± 8.76, F(1,23) = 1.757, p = .198). The findings of the peak velocity
were consistent with those of the mean velocity. Figure 18 displayed the decline in the slope of
the line representing older adults, suggesting less manual asymmetry in older adults. Also, the
two-way mixed ANOVA identified a significant interaction effect, F(1,46) = 8.301, p = .006,
indicating that performance of two hands became less asymmetric during aging. Peak velocity of
left and right hands performed by young and older adults was summarized in Table 6.
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Figure 18.

Peak velocity of the aiming task performed by young and older adults.

Ratio of deceleration phase (RDP).
Young adults indicated an average RDP of .634 ± .052 for left-hand performance and
.552 ± .043 for right-hand performance. The one-way repeated ANOVA identified significant
difference between the two ratios, F(1,23) = 5.212, p = .032, indicating motor asymmetry with
respect to movement efficiency in young adults. On the other hand, similar movement patterns
were identified in older adults. Although the right hand performed with higher efficiency than
left hand, the difference was not statistically significant, Left hand = .622 ± .048, Right hand =
.604 ± .041, F(1,23) = .344, p = .563. RDP of left and right hands across age groups was
summarized in Table 6.
The two-way ANOVA identified a significant interaction effect between age and hand,
F(1,46) = 4.775, p = .034, which was evident in different slopes of the lines representing young
and older adults. This result suggests that change in motor asymmetry over time is significant.
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Left-hand performance remains stable over an individual’s life span. But the right-hand
advantage in young adulthood would gradually diminish by older adulthood.

Figure 19.

RDP of the aiming task.

Favorable performance can be identified in the right hand of young adults (solid, blue line)
because the mean ratio is closer to 0.5 than the other ratios. Older adults (dash, red line)
indicated a considerable decline in the right-hand performance, suggesting reduced movement
efficiency in aging. Left-hand performance remains stable across ages.

Normalized jerk.
The one-way repeated ANOVA found no evidence for motor asymmetry in either young
adults or older adults. Young adults indicated less variable performance with left hand, but the
difference between the two hands was non-significant (Left hand = 222 ± 38.35, Right hand =
242 ± 43.57, F(1,23) = .435, p = .516). Similar results were identified in older adults, with nonsignificant difference between left- and right-hand performance (Left hand = 137 ± 51.65, Right
hand = 124 ± 61.89, F(1,23) = 1.139, p = .297). Normalized jerk of left and right hands
performed by young and older adults was summarized in Table 6.
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In addition to the within-group comparisons between left hand and right hand, the twoway mixed ANOVA did not find significant interaction effect between age and hand, F(1,46) =
.565, p = .456. Therefore, no evidence for motor asymmetry was identified in young adults, and
the similar patterns between left- and right-hand performance were maintained in the older
adulthood. An interesting point in the result was the superior performance observed in older
adults, given that older adults indicated less variability than young adults, with a significant main
effect of age identified in the between-group ANOVA, F(1,23) = 12.355, p = .001. Figure 20
indicated the difference between age groups. The older group (red line) was characterized by
lower normalized jerk than the young group (blue line), suggesting less variation in manual
performance.

Figure 20.

Normalized jerk of the aiming task.

No significant interaction effect was identified in normalized jerk. But it is worth noting different
performance between older and young adults. Older adults showed significantly less variation
than young adults in manual performance.
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Hand path curvature.
Because hand path curvature is the distance from the start position to the target divided
by the displacement of hand path movement, a ratio of 1 would imply a straight path of hand
movement. In this kinematic measure, young adults’ right hand outperformed their left hand
(Left hand = .841 ± .037, Right hand = .916 ± .019, F(1,23) = 4.637, p = .042), suggesting a
significant difference between the two hands. Older adults, however, showed comparable
performance with both hands (Left hand = .956 ± .042, Right hand = .939 ± .020, F(1,23) =
1.091, p = .307). Hand path curvature of the left and right hands performed by young and older
adults was summarized in Table 6. In the two-way ANOVA, the significant interaction effect
between age and hand, F(1,46) = 7.688, p = .008, provided evidence for the age-related reduction
in motor asymmetry (Figure 21).

Figure 21.

Hand path curvature of the aiming task.
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As for hand path curvature, older adults outperformed young adults. The two-way mixed
ANOVA identified the significant effect of age, F(1,46) = 13.209, p < .001, which indicated the
favorable performance in older adults. It is necessary to point out that participants were asked to
take care of both speed and accuracy which posed a trade-off in motor performance. With no
specific requirement on speed, older adults may have slowed down for accuracy. Therefore, a
possible reason for this result could be the different strategies applied by young and older adults.
Whereas young adults gave more attention to movement speed, older adults had a specific focus
on accuracy. This hypothesis was supported by the significant difference in both mean velocity
and peak velocity. Young adults performed the aiming task with greater movement speed than
older adults, which was evidenced by the significant effect of age in both mean velocity, F(1,46)
= 14.915, p < .001, and peak velocity, F(1,46) = 15.763, p < .001. Given the speed-accuracy
tradeoff, it is reasonable to expect older adults to perform the task with higher accuracy.
Hemispheric Asymmetry Associated with Aging
Hemispheric activation associated with right-hand performance.
Young adults indicated strong tendency in hemispheric lateralization, with the left frontal
regions (F3 and FC5) being activated in relation to the right-hand performance (Figure 22a). The
left hemisphere showed a greater level of cortical activation than the right hemisphere (Left
hemisphere = -49.09% ± 10.13, Right hemisphere = -2.92% % ± 7.85). In addition, the
difference between left and right hemispheric activation was significant, F(1,23) = 18.712, p <
.001. Compared with the lateralized hemispheric activation in young adults, cortical activations
in older adults indicated a broad activation across the brain regions. A clear view was provided
in Figure 22b which displayed symmetric activation between left and right hemispheres,
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especially in the following pairs of electrodes such as F3/F4, FC5/FC6, and T7/T8. One-way
repeated ANOVA found no significant difference in the cortical activations between left and
right hemispheres (Left hemisphere = -34.71% ± 13.85, Right hemisphere = -29.17% ± 8.56,
F(1,23) = .695, p = .413). An increased hemispheric activation ipsilateral to the right-hand
movement was identified, which contributed to the age-related reduction in the hemispheric
asymmetry associated with motor control.
Two-way mixed ANOVA identified significant interaction effect between age and
hemisphere, F(1,46) = 28.629, p < .001. The significant interaction effect was represented by the
interhemispheric difference between young and older adults (Figure 22c). A prominent change
across ages can be found in the right (ipsilateral) hemisphere, with a large extent of activation in
the aging brain. Hemispheric activation of young and older adults performing the aiming test by
right hand was summarized in Table 6.

Figure 22.

Cortical activation in association with right hand performance in the aiming task.

Figure 22a displays highly lateralized hemispheric activation in young adults; 22b indicates a
symmetric pattern in hemispheric activation of the aging brain; 22c shows the interhemispheric
difference across ages.
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Hemispheric activation associated with left-hand performance.
Young adults indicated strong lateralization within the right hemisphere. Specifically,
electrodes covering the right frontal regions (F4 and FC6) were more activated than the
corresponding electrodes on the left hemisphere (F3 and FC5). The mean relative power of the
right hemisphere was significantly greater than that of the left hemisphere (Left hemisphere = 5.26% ± 7.29, Right hemisphere = -45.53% ± 10.04, F(1,23) = 10.586, p < .001). The
asymmetric pattern of cortical activation was displayed in Figure 23a. Older adults indicated
symmetric activation between two hemispheres (Figure 23b). The ipsilateral (left) hemisphere
was activated at a similar level to the contralateral (right) hemisphere (Left hemisphere = 32.14% ± 7.73, Right hemisphere = -30.36% ± 9.62, F(1,23) = 1.203, p = .284). The nonsignificant result suggested age-related reductions in hemispheric asymmetry.
Interhemispheric difference indicated significant change from asymmetric activation in
young adulthood to a symmetric pattern in older adulthood (Figure 23c). Such age-related
change was substantiated by the result of a two-way mixed ANOVA, which indicated a
significant interaction effect between time and hemisphere, F(1,46) = 1.203, p = .284.

Figure 23.

Cortical activation in association with left hand performance in the aiming task.

Figure 23a displays strong lateralization within the right hemisphere of young adults; 23b
indicates reduced lateralization with cortical activation on both hemispheres of older adults; 23c
shows the interhemispheric difference across ages.
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Discussion
The results provided evidence that motor asymmetry and hemispheric asymmetry decline
from young adulthood to older adulthood. This conclusion is consistent with the findings of the
previous studies based on the Purdue Pegboard test and the graphic test. Only the contralateral
hemisphere was activated when young adults were performing the aiming test, while the
ipsilateral hemisphere activity remained almost the same as the resting state. For older adults, the
ipsilateral hemisphere was activated as much as the contralateral hemisphere, thus reducing
hemispheric asymmetry in association with motor control. The aging brain is characterized by
bilateral activation due to the overall decline in neural connectivity and efficiency of information
processing (Sailer, Dichgans, & Gerloff, 2000). What we found in this experiment provides
confirmatory evidence for the connection between hemispheric asymmetry and motor asymmetry
over the life span (Przybyla et al., 2011; Raw, Wilkie, et al., 2012).
Further analysis on the kinematic measures provided additional information about
alterations in motor asymmetry from young adulthood to older adulthood. Two-way mixed
ANOVA identified a significant main effect for age in both mean velocity and peak velocity,
suggesting that manual movement slowed down during aging. As for the age differences in both
hands, greater decline occurred in the right hand, which resulted in reduced motor asymmetry in
older adults.
Compared with the graphic task, the aiming task was characterized by declined
performance in both young and older adults. A direct example can be identified in the RDP
which is a measure of movement efficiency. The ratio of young adults performing the graphic
test with right hand was 0.505, suggesting almost same durations in acceleration and
deceleration. However, when young adults conducted the aiming test, the ratio of right-hand
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performance increased to 0.552, indicating a movement pattern with increased duration in the
phase of deceleration. A possible factor might be attributed to the different ways of holding the
pen in each task. Participants held the pen in a normal way in the graphic task, which allowed the
participants to draw loops in a natural and flexible manner. However, the power grip used in the
aiming task reduced the degree of freedom in motor performance. The reaching movement relied
mostly on large muscle groups, thus increasing the difficulty of performing the task with specific
demands on accuracy and fine motor skills. As the pen is approaching to the target, participants
have to slow down and spend more time on targeting. The longer duration in deceleration
revealed a possible scenario that young adults had increased difficulty in directing the pen into
the target, thus taking more time after the peak velocity being reached.
Older adults exhibited favorable performance over young adults in two kinematic
variables including normalized jerk and hand path curvature, which was evident by significant
main effect for age identified in the two-way mixed ANOVA. It was expected that aging would
increase neural noise as manifested by increased movement variability in older adults (Van
Gemmert et al., 1998). However, this expectation was not substantiated by the current result. As
briefly explained in the result section, the strategy of movement initiation and control may
contribute to less movement variability in older adults. Because the instructions of the aiming
test asked participants to take care of both speed and accuracy, young and older adults may have
different goals when performing the task. Speed and accuracy are trade-offs in motor control so
that participants tend to focus on one factor over the other. Obviously, young adults placed speed
as the top priority of movement control whereas older adults focused on accuracy. Faster
movements increased errors so that young participants adjusted movement paths more often than
older adults. The explanation is in alignment with a detail identified in other motor asymmetry
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studies in which young and older adults conducted a tracing task on a digitizer tablet. The
researchers found a significant interaction between accuracy and age, which suggested the
tendency of young adults reducing movement time at the cost of movement accuracy (Raw,
Wilkie, et al., 2012). The greater emphasis on speed over accuracy could be a possible reason for
the increased movement variability in young adults.

Figure 24.

Hand movement path in the aiming task performed by young adults.

Figure 24a displays left hand movement while 24b indicates right hand movement.

Hand path curvature is another kinematic variable which can be largely affected by
movement speed. The ratio of the distance between the start point and target to the hand
movement displacement is smaller in young adults, suggesting greater displacement with respect
to manual performance of young adults. The fast movement resulted in accumulated amplitude
of deviations which were exhibited as large variability in the movement paths (Figure 24a and
24b). On the other hand, older adults performed the aiming task with slow but steady movement
characteristics, corresponding to less variability and curvature in the hand movement (Figure 25a
and 25b). Although we assume the considerable influence of speed on motor performance, it is
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worth clarifying that older adults in this experiment did not intentionally slow down their
movements to improve accuracy. In fact, the reduced movement speed is not optional. Due to the
age-related decline in cognitive capacity, this adaptation strategy allows for more processing
time in movement control (Van Gemmert et al., 1998).

Figure 25.

Hand movement path in the aiming task performed by older adults.

Figure 25a displays left hand movement while 25b indicates right hand movement.

An interesting point is raised about the role of cortical overactivation in motor control.
The experiments of the Purdue Pegboard test and the graphic test have proposed the concern
with previous motor behavior research attributing age-related reductions in hemispheric
asymmetry to one of neural models simply based on the performance of the dominant hand (Carp
et al., 2011; Hutchinson et al., 2002; Ward, Swayne, & Newton, 2008; Ward, 2006). If older
adults indicated functional decline in the dominant hand but maintained performance in the
nondominant hand, the rules applied in the previous research may not work (Bernard & Seidler,
2012; Seidler et al., 2010). In this aiming task older adults indicated preferable performance over
young adults with less variability and reduced curvature in the hand movement. The findings
supported the compensatory model in motor control. However, other kinematic measures such as
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movement velocity and efficiency declined as a result of aging. Cortical overactivation failed to
benefit these variables, which was consistent with the mechanism of dedifferentiation. The whole
situation becomes increasingly complex as evidence from the same motor task substantiated both
models. In fact, our findings on the hand path curvature are consistent with the arm-reaching task
designed by Przybyla et al. (2011). In that experiment, improved performance in the left (nondominant) hand contributed to the reduced motor asymmetry in older adults. In our aiming task,
older adults exhibited improved performance with the left hand, which actually reduced
intermanual difference in this respect.
Therefore, neural and behavioral evidence from the same trail supported different
models, leading to a paradox regarding interpretations on cortical overactivation in the aging
brain. Specifically, age-related alterations in movement speed and efficiency were consistent
with the dedifferentiation model, but movement variability and path curvature substantiated the
compensatory model. Current theories may not be adequate to explain the neural findings in
relation to the motor asymmetry research. Further investigations will be greatly helpful to expand
current knowledge about the impacts of aging on neural connectivity.
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CHAPTER VI
SUMMARY AND DISCUSSION
Summary of Results
This research project integrated EEG into three motor tasks in order to investigate agerelated influences on motor asymmetry and hemispheric lateralization. The research was
designed in the context of a growing amount of evidence on age-related alterations in functional
performance and brain activity due to the wide application of neuroimaging techniques to the
cognitive and motor behavior research over the past two decades (Grady, 2012; Spreng,
Wojtowicz, & Grady, 2010). Researchers first identified age-related changes in the cognitive
domain. When performing cognitive tasks, older adults indicated significant changes in neural
connectivity characterized by cortical overactivation and reduced hemispheric lateralization
(Cabeza et al., 1997; Grady, 2008; Grady et al., 1994). Later, researchers in the field of motor
behavior attempted to apply the findings and theories in the cognitive domain to explain reduced
motor asymmetry associated with aging. A plausible hypothesis was proposed regarding the link
between behavioral asymmetry in motor control and hemispheric lateralization. However, the
researchers mentioned the lack of neural evidence to testify their perspective (Przybyla et al.,
2011; Schaefer, Haaland, & Sainburg, 2009).
To investigate whether such a hypothesis could be proved by existing literature, in
Chapter 2, we conducted a literature review on studies which combined motor tasks with
neuroimaging techniques. Based on the 14 included studies, we concluded that no direct
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evidence was available for the potential link between behavioral asymmetry and hemispheric
lateralization. Although the included studies applied neuroimaging techniques to examine
participants’ brain activity during motor performance, the motor tasks were only performed by
the participants’ dominant hand. Due to the lack of comparisons between left and right hand,
there was no evidence about age-related changes in motor asymmetry. Therefore, the study
design which combined motor asymmetry tasks with neuroimaging techniques was needed to
testify whether reduced asymmetries in neural connectivity and motor performance were linked
(Hill et al., 2019).
Based on the results of the literature review, we conducted a set of motor tasks including
the Purdue Pegboard test (Chapter 3) and two digitizer-tablet tests such as graphic test (Chapter
4) and aiming test (Chapter 5). While the Purdue Pegboard test was a clinical assessment of
motor outcomes, both graphic test and aiming test revealed kinematic patterns of fine motor
control and gross motor control, respectively. Participants performed the three unimanual tasks
by both hands, so that motor asymmetry could be assessed. In the meantime, participants put on
the EEG headset to record brain activities when performing the motor tasks. Brain activities were
measured by relative power amplitude within a frequency band of 8 to 13 Hz. The electrodes
mainly covered the frontal regions. Neural evidence in the three studies indicated the reduced
hemispheric lateralization in older adults. The aging brain recruited additional resources in the
ipsilateral hemisphere during motor performance. In contrast, young adults indicated asymmetric
patterns in cortical activation, with considerable contralateral activations during motor
performance. The ipsilateral hemisphere was slightly activated as well, but not at the comparable
extent to the contralateral hemisphere. Therefore, age-related reduction in brain asymmetry was
confirmed in the current studies.
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In accordance with the reduced brain asymmetry in aging, manual performance became
less asymmetric in older adults. The Purdue Pegboard test indicated a robust advantage of the
dominant (right) hand over the non-dominant (left) hand in young adults, but a similar
performance between two hands of older adults. Analysis on the movement patterns in relation to
the graphic test and aiming test provided consistent evidence regarding age-related changes in
motor control. Further details of the main findings were discussed in the following section.
Discussion on the Results
Influences of Task on Motor Asymmetry
The current research identified the influence of task on motor asymmetry, which is
consistent with the perspective that reduced motor asymmetry during aging is task-dependent
(Daselaar, Rombouts, Veltman, Raaijmakers, & Jonker, 2003; Fang, Li, Lu, Gong, & Yew,
2005; Teixeira, 2008). In the graphic test, participants indicated similar performance between the
dominant hand and nondominant hand by conducting the tasks with less advanced requirements
on fine motor control. As the task became increasingly challenging, young adults indicated
superior performance with the dominant hand over the nondominant hand. Specifically, when
drawing small graphics at max speed, older adults indicated comparable decline in the
performance of both hands, but only left-hand performance declined in young adults. The
findings of our graphic test show consistency with those of the manually tracing test in which
young participants indicated a right (dominant) hand advantage only in the most challenging
condition (Raw, Wilkie, et al., 2012). Task difficulty has been considered a critical determinant
for motor asymmetry (Francis & Spirduso, 2000; Schaefer, 2015). Participants’ performance
across task conditions suggests that drawing small graphics at max speed is the most challenging
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task, which resulted in asymmetric performance in young adults, but symmetric performance in
older adults.
Research has shown preserved motor asymmetry during aging with respect to certain
tasks (Chua et al., 1995). In a study involving a simulated feeding task and a simulated dressing
task, which selectively biased dominant hand and nondominant hand performance, older adults
indicated significant dominant hand advantage in the feeding task and nondominant hand
advantage in the dressing task (Schaefer, 2015). The preserved motor asymmetry in older
adulthood is considered to occur in activities of daily living, because decades of practice with the
preferred hand may enhance the motor asymmetry. Therefore, novelty and complexity of the
tasks may have a negative relationship to the motor asymmetry (Poston, Enoka, & Enoka, 2008;
Schaefer, 2015). Compared with the simulated dressing and feeding tasks, the three motor tasks
of the current research are characterized by increased novelty and complexity. In the digitizer
tablet tests, participants adapted to manipulate the digital pen based on the visual feedback on the
laptop screen, which is different from their daily experience in writing and drawing. In addition,
both Purdue Pegboard test and the digitizer tablet tests required advanced control over fine motor
skills, which exposed participants to more challenging situations than the simulated dressing and
feeding tasks. For future research on age differences in motor asymmetry, the constraints of
novelty and complexity must be taken into consideration.
The kinematic measures of normalized jerk and hand path curvature suggested different
movement strategies adopted by young and older adults in the aiming test. Compared with young
adults, older adults tend to adopt a conservative strategy in the aiming test (Raw, Wilkie, et al.,
2012). Older adults indicated better performance than young adults in the two measures,
suggesting straighter hand movement path and less variability in the process of directing the
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digital pen from the start point to a target. Given that most kinematic measures indicated
favorable result to young adults, the findings of normalized jerk and hand path curvature were
worth additional notice. In a similar arm reaching task, older adults also indicated favorable
performance over young adults in hand path curvature along with other measures of accuracy
(e.g., final position error and variable error). In addition, older adults performed the reaching task
with better performance in the left hand (Przybyla et al., 2011), which is consistent with our
research. However, our findings on normalized jerk were inconsistent with previous research
which identified fewer variable movements in young adults as compared to older adults (van
Gemmert, Teulings, & Stelmach, 1998). The greater movement variability in young adults may
be attributed to the larger hand path curvature. The instructions of the aiming test encouraged
participants to take care of both speed and accuracy during the movement. It is likely that young
and older adults may respond to the instructions in different manners (Raw, Wilkie, et al., 2012).
Whereas young adults tended to place speed as the top priority of movement execution, older
adults may focus on accuracy. With more attention to the movement accuracy, it is likely that
older adults performed the task with less variability and reduced path curvature.
The current research addressed some important concerns proposed in the previous motor
behavior research. Researchers hypothesized that age-related reductions in manual asymmetry
may be explained by age differences in hemispheric asymmetry (Raw, Wilkie, et al., 2012;
Wang, et al., 2011). In the current research, all three experiments identified reduced motor
asymmetry coincided with less hemispheric asymmetry in older adults, which substantiated the
hypothesis regarding the link between motor asymmetry and hemispheric asymmetry (Przybyla
et al., 2011).
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Paradox in the Mechanisms Underlying Reduced Motor Asymmetry in Aging
The results of manual performance suggested two mechanisms underlying age-related
reductions in motor asymmetry. In the current studies, a majority of outcome measures and
kinematic variables indicated that significant decline in the dominant hand and stable
performance with the nondominant hand contributed to the age-related reductions in motor
asymmetry. The other mechanism underlying age-related reductions in motor asymmetry was
caused by improved nondominant hand performance, evidenced by the kinematic measure of
hand path curvature in the aiming test. The discrepancy in the mechanisms for reduced motor
asymmetry during aging has proposed a challenge of interpreting age-related changes in neural
connectivity.
Older adults indicated a significant manual performance decline in mean velocity, peak
velocity, and movement efficiency, suggesting dedifferentiation as the mechanism of the cortical
overactivation. In contrast, older adults had comparable and even superior performance over
young adults with respect to the measures of hand path curvature and normalized jerk, which
substantiated the mechanism of compensation. It is hard to explain why outcome measures of the
same task led to discrepant implications for neural mechanisms. Cortical overactivation is
supposed to play a consistent role in single trial. If the cortical overactivation in relation to some
measures such as movement speed and efficiency was interpreted as one mechanism (i.e., either
compensation or dedifferentiation), other movement measures such as hand path curvature and
normalized jerk should be characterized by the same mechanism. However, the fact is that part
of the findings suggests dedifferentiation whereas other measures favor compensation.
The age-related changes in the intermanual difference are consistent with previous motor
asymmetry studies. In the arm reaching test which asked participants to move a cursor from start
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point to a target, the reduced motor asymmetry in older adults was characterized by nondominant
hand improvement in the measures of hand path curvature and accuracy (Przybyla et al., 2011).
Our aiming test was actually developed upon the arm reaching test. Despite a few differences in
movement execution between the two tests, with the digital pen used in the aiming test whereas a
sensor used in the arm reaching test, motor asymmetry changes from young adulthood to older
adulthood followed the same patterns.
Consistent findings on the Purdue Pegboard test as well as the graphic test can be
identified in other studies. In the Purdue Pegboard test, Francis and Spirduso (2000) also
identified greater decline in right (dominant) hand performance which reduced intermanual
asymmetry in older adults. In addition, the graphic test identified movement characteristics in
accordance with the findings of a manually tracing task. Motor performance was measured by
movement speed, shape accuracy, and speed accuracy cost function (SACF) for movement
efficiency. Movement speed and SACF indicated comparable left (nondominant) hand
performance, but a considerable decline in the right-hand performance between young and older
adults (Raw, Wilkie, et al., 2012).
Different mechanisms underlying age-related reductions in motor asymmetry may lead to
a question about a generally accepted rationale of determining neural mechanisms based on
motor performance (Bernard & Seidler, 2012; Przybyla et al., 2011). Researchers need to be
cautious when attributing cortical overactivation associated with aging to either compensation or
dedifferentiation, given the evidence that the reasons for age-related reductions in motor
asymmetry may be specific to certain movement measures. In other words, whether cortical
overactivation is interpreted as compensation or dedifferentiation may depend on specific
kinematic measures selected for movement analysis. As for the aiming test, if we only examined
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the kinematic measures for movement velocity and efficiency, it is likely that the cortical
overactivation was attributed to dedifferentiation. On the other hand, a different conclusion may
be reached if we only chose hand path curvature and normalized jerk for movement analysis.
More empirical evidence is needed to testify the above discussion. But it is meaningful to raise
awareness of the potential shortcomings in current understandings about age differences in
hemispheric asymmetry and motor asymmetry.
Interpretations for Age-related Reductions in Hemispheric Lateralization based on Motor
Asymmetry Findings
The activation of the ipsilateral hemisphere contributed to the reduced hemispheric
asymmetry in the aging brain. However, it remains unclear with the neural mechanism
underlying the cortical overactivation in relation to the manual performance. Compensatory
mechanism is defined as improved motor performance resulting from the cortical overactivation
(Calautti, Serrati, & Baron, 2001; Heuninckx, Wenderoth, & Swinnen, 2008; Hutchinson et al.,
2002; Mattay et al., 2002; Naccarato et al., 2006). By recruiting additional neural resources in the
ipsilateral hemisphere, older adults are able to maintain comparable performance to young
adults. However, dedifferentiation refers to the type of the cortical overactivation which fails to
benefit manual performance of older adults (Bernard & Seidler, 2012; Carp et al., 2011; Reuter,
Behrens, & Zschorlich, 2015). Previous studies explained the neural mechanisms for cortical
overactivation according to single (dominant) hand performance. This analysis contains two
potential motor outcomes which are corresponding to either compensation or dedifferentiation.
Figure 26 indicates direct relationship between motor performance and neural mechanism.
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Figure 26.
Approaches to interpreting neural mechanisms based on single hand
performance.

However, the relationship becomes complex when the performance of both hands is
considered. The rules of attributing cortical overactivation to dedifferentiation or compensation
still apply to the two conditions characterized by declined or improved manual performance of
both hands. But when it comes to the condition of reduced performance in the dominant hand
and maintained performance in nondominant hand, previous rules based on single hand
performance are inadequate to explain the mechanisms of cortical overactivation. Therefore, we
propose a dynamic view on compensation which considers the varied intermanual difference
associated with task difficulty.
Establishing a dynamic view regarding the relationship between manual asymmetry and
task difficulty is important. Dominant hand advantage in daily activities can be preserved in late
adulthood, as a result of additional recruitment across the brain regions (Schaefer, 2015). As the
task difficulty increases, dominant hand advantage can be largely reduced and even eliminated,
thus indicating symmetric performance between the two hands. According to previous research
on single hand performance, mostly the dominant hand, reduced manual performance is always
associated with the neural mechanism of dedifferentiation. However, the dynamic view on
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behavioral performance and neural mechanisms suggests that reduced manual performance does
not necessarily lead to the implication of dedifferentiation.

Figure 27.

Approaches to interpreting neural mechanisms based on motor asymmetry test.

This view attributes cortical overactivation to the compensatory mechanism for the
declined efficiency of neural connectivity as a result of aging. Because of the comparable
nondominant hand performance between young and older adults, it is reasonable to assume a
compensatory effect on nondominant hand performance of older adults. Otherwise, older adults
would indicate less skillful performance in the nondominant hand than young adults. Compared
with the effect of counteracting age-related decline in nondominant performance, compensation
has a limited effect on maintaining dominant hand performance. It is possible that older adults
perform with the nondominant hand at the same proficiency level to young adults by paying
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greater attention to movement control during the task. However, this compensatory strategy
would not be adequate to counteract the age-related decline when older adults performed the task
with the dominant hand. According to this view, additional activation of the brain regions
implies compensation despite declined performance in the dominant hand.
If the dynamic view on compensation is confirmed by future research, a series of
concerns with previous neural-motor research would follow. The findings of dedifferentiation
only based on reduced dominant hand performance might not rule out the possibility of
compensation which was inadequate to counteract the declined performance with respect to a
challenging task. Without the nondominant hand as the reference, it would be difficult to find out
the true reasons for cortical overactivation during aging.
Limitations
A major limitation of the current research is the EEG headset for neural data collection.
Although research using Emotiv EPOC has been published in peer-reviewed journals,
researchers still expressed their concerns with the signal quality (Ramirez et al., 2015; Steinhubl
et al., 2015). However, this EEG model does have some advantages in practice such as fast set
up and no conductive gel needed. Also, given that the current research made the first attempt to
examine hemispheric asymmetry in coincidence with motor asymmetry, Emotiv EPOC would be
an appropriate apparatus to meet current research objectives. Another limitation is still related to
the EEG device which has a limited number of electrodes to detect brain activities in the primary
motor cortex. Previous research collected movement-related neural signals in the pairs of
electrodes in FC3/FC4 and C3/C4 (Quandt et al., 2016; Sailer, Dichgans, & Gerloff, 2000),
which are not available in Emotiv EPOC. The current research still captured movement-related
neural signals from the electrodes covering the supplementary motor cortex and premotor cortex.
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The motor cortices in the frontal lobe have been the interest of motor behavior research
(Pfurtscheller et al., 1997; Sailer et al., 2000). The data acquired by the EEG headset still provide
evidence for age-related alterations in cortical activation patterns.
Future Direction
Based on the above-mentioned limitations and the findings at both neural and behavioral
levels, the current research suggested a few promising topics worth further investigation.
Because of the inferior neural signal, subsequent research using a more accurate EEG device
would be greatly helpful to validate the findings of our research. In addition, the current research
identified age differences in hemispheric lateralization in the frontal regions. However, due to
the lack of electrodes covering the primary sensorimotor cortices, future research may examine
movement-related neural signals in the electrodes of FC3/FC4, C3/C4, and CP3/CP4.
The current research identified age-related reductions in both hemispheric asymmetry and
motor asymmetry, but it is worth noting that the same behavioral outcome actually resulted from
different reasons, either improved nondominant hand performance or declined dominant
performance. Combined with the cortical overactivation, reduced motor asymmetry related to the
improved nondominant hand performance implied the neural mechanism of compensation for the
reduced efficiency in the aging brain. However, evidence that favored dedifferentiation also
existed. This conflict should gain more attention from researchers, as our results presented
evidence supporting both neural models in the same motor task. Age-related changes in motor
asymmetry presented more complex patterns than researchers expected. We need to be cautious
when we interpret neural mechanisms based on motor performance.
Another potential interest may lie in the motor tasks applied to future research. Preserved
motor asymmetry in older adulthood was identified in relatively easy tasks which imitated
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activities of daily living (Schaefer, 2015). Researchers hypothesized that although age-related
reduction in motor asymmetry was not observed in those tasks, increased activation in the
ipsilateral hemisphere may occur with advanced aging (Dolcos et al., 2002; Talelli, Ewas,
Waddingham, Rothwell, & Ward, 2008). Unfortunately, the current research could not provide
evidence to test this hypothesis because all motor tasks applied to the current research resulted in
reduced motor asymmetry in older adults. It would provide further insights into the relationship
between motor asymmetry and hemispheric asymmetry during aging if future research could
apply EEG to the tasks associated with preserved motor asymmetry in older adulthood. In the
current research, both Purdue Pegboard test and digitizer tablet tests may be challenging and
complex for older participants, which led to declined intermanual difference. Therefore, an
interesting attempt in future research is to investigate cortical activations in relation to the tasks
with preserved motor asymmetry in aging.
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Informed Consent Form for Participation in Research
IRB Approval Number: IRB-19-445
Title of Research Project: Effects of Aging on Hemispheric Lateralization and Motor Asymmetry
Study site: 241 McCarthy Gym, Mississippi State University
402 School of Civil Engineering, Qingdao University of Technology
Researchers:
Dr. Zhujun Pan, Principal Investigator, Assistant Professor of Kinesiology
Qun Fang, Student-Investigator, PhD Candidate, Department of Kinesiology
Chih-Chia Chen, Co-Investigator, Assistant Professor of Kinesiology
Adam Knight, Co-Investigator, Assistant Professor of Kinesiology
John Lamberth, Co-Investigator, Associate Professor of Kinesiology
Purpose:
In this research study, researchers aim to examine age-related changes at neural and behavioral
level. Participants will perform three motor tests by both dominant and non-dominant hand with
non-invasive electroencephalogram (EEG) recording brain activity during motor performance.
The data collected from the tests will provide researchers with insights into the relationship
between movement patterns and neural recruitment.
Procedures:
If you consent to this research study, we ask the following from you:
•

Perform three motor tests including a manual dexterity task, a graphic task, and an aiming
task.

•

Wear a non-invasive EEG for brain activity recording.

•

Details of the tasks and EEG are given as follows.

Purdue Pegboard test
The Purdue Pegboard test is a commonly used clinical test of manual dexterity. Participants need
to pick up and plug small metal pegs into holes along the row as quickly as possible in 30 seconds.
Performance is measured by the number of pegs successfully placed in each trial. The test
122

comprises three tasks performed by right hand, left hand, and both hands, with three trials for
each task.
Drawing task
Participants sit in front of a laptop and rest their arms on a digitizer tablet. Based on the
instructions displayed on the laptop screen, participants draw either 8 loops or 8 circles in a target
zone at a comfortable speed or as fast as they can. The whole experiment consists of three size
conditions (small, normal, and large), two speed levels (normal vs fast), and two shapes (loops
vs circles).
Aiming task
Three target circles and one start point will appear on the laptop screen. At first, participants need
to direct the digital pen into the start point at the bottom of the screen. Two of the target circles
will disappear once the digital pen is within the start point, leaving only one target on the screen.
Participants then move the digital pen across the digitizer tablet from the start point to the target.
The movement should be performed as fast and as accurately as possible.
EEG placement
The EEG device used in the research is a wireless headset with 14 electrodes for signal detection.
All electrodes will be in place as long as the two reference electrodes behind the ears can be
accurately identified. After helping participants to put on the headset, researchers will slightly
adjust positions of each electrode to ensure signal connection while avoid any uncomfortable
feeling.
Risks or Discomforts:
We will use a non-invasive EEG to detect participant's brain electrical signals while performing
the motor tasks. The rare and minor physical risks associated with participating in this research
are: (1) discomfort associated from sitting still in one position for 30 minutes; and (2) discomfort
due to electrodes placed on your skin. The likelihood of you experiencing electric discharge from
the EEG equipment is extremely small. If needed, you are allowed to say ‘no’ to what is asked of
you at any point of this study if you feel uncomfortable for any reason, and we will stop.
Benefits:
There are no direct benefits associated with participating in research that involve measurements
of EEG.
Incentive to participate:
Participants will receive a gift with MSU logo as appreciation for completing the test. The gifts
include one of the following items: coffee mug, hat, beach towel, and softee football. Each item
equates to $10-$15.
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Confidentiality:
It should be noted that any accessed records (i.e. medical information) will be held by a state
entity and are subject to disclosure if required by the law. Research information may be accessed
by the MSU Institutional Review Board (IRB) and Office for Human Research Protections
(OHRP) and/or any other responsible entities who may ensure compliance with the
law/regulations related to this research study. The findings and some information may be
published for scientific purposes and advancements. However, beyond the researchers, your
information will remain confidential and your identity will not be used for any other purpose
other than regular individual interaction with you during this study.
Questions:
If there are any questions about this project, please do not hesitate to
contact: PI: Dr. Zhujun Pan at 662-325-2963,
or the primary Student-Investigators: Qun Fang at 662-518-0657.
For further questions, comments or concerns, to provide feedback, or request other information
regarding your rights as a participant in this study, please contact the MSU Research Compliance
Office:
Phone: 662-325-3994
Email: irb@research.msstate.edu
Web: http://orc.msstate.edu/humarsubjects/participant/
Voluntary Participation:
Your participation in this study is voluntary. You are allowed to refuse to participate in any part
of this study, and your choice to do so will not result in a penalty or loss to which you are
otherwise entitled. If any situation arises where the participant is unable to complete tasks for the
study or the researchers feel the tasks asked are compromising the participant’s health or safety,
the primary investigator reserves the right to cease his/her participation in the study.
Please take all the time you need to read through this entire consent document
thoroughly before you decide to take part in this research study.

If you agree to commit and participate in the study explained above, please sign and date
on the appropriate lines below. You will be given a copy of this form for your records.
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Participant Signature

Date

Date

Researcher Signature

Research Participant Satisfaction Survey
In an effort to ensure ongoing protections of human subjects participating in research, the MSU
HRPP would like for research participants to complete this anonymous survey to let us know
about your experience. Your opinion is important, and your responses will help us evaluate the
process for participation in research studies. https://www.surveymonkey.com/r/M5M95YF
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Abstract
Age-related effects on motor asymmetry have been an interest of study which provides an
insight into changes of cortical activation in aging. To investigate potential changes in manual
performance associated with aging, we conducted Jamar hand function test and the Purdue
Pegboard test on young and older adults. All subtests indicated reduced motor asymmetry in
older group. Further analysis suggested that dramatic decline in dominant (right) hand function
resulted in the less asymmetric performance in older adults. The finding is inconsistent with
HAROLD model which assumes improved performance in non-dominant hand which
compensates for the decreased function of the dominant hand. In addition, a significant
relationship between grip strength and manual dexterity was identified in older adults, but not in
young adults. This finding suggests that older adults tend to activate gross muscles even when
performing motor tasks that only require fine motor skills. Based on the manual performance in
young and older adults, we identified evidence leading to the conclusion that aging reduces
manual asymmetry in force production and dexterity.
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Introduction
Aging involves an overall degeneration in the nervous, musculoskeletal, and sensory
systems which affects movement patterns. Cabeza (2002) identified age-related reductions of
hemispheric lateralization for cognitive processes on which he developed his model of
hemispheric asymmetry reduction in older adults, or HAROLD. Following research attempting
to extend the cognitive-perceptual model to motor behavior, one study examined movement
patterns with respect to multidirectional reaching tasks. This study found robust asymmetries
between the left and right arm in young adults, but in older adults the patters were more
symmetrical, suggesting reduced motor asymmetry as result of the aging process (Przybyla,
Haaland, Bagesteiro, & Sainburg, 2011). Although lacking conclusive evidence on the
connection between motor asymmetry and hemispheric lateralization, current research still
provides a possible explanation that symmetric neural recruitment associated with aging may
contribute to this reduction in motor asymmetry (Przybyla et al., 2011).
In addition to these age-related changes in neural functions, degeneration of physiological
structures may also affect the expression of motor asymmetry (Francis & Spirduso, 2000).
Decreased maximum grip force, due to the loss of muscle mass, is associated with a selective
effect on the right hand substantially reducing the right-hand advantage identified in young
adults (Teixeira, 2008). Therefore, manual performance tends to become more symmetric as
people age.
The current study conducted two manual function assessments, the Jamar hand function
and Purdue Pegboard tests, with specific emphases on force production and manual dexterity,
respectively. The primary purpose of the current research was to add knowledge about agerelated impacts on performance-based motor asymmetry. According to Przybyla and colleagues’
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findings, which are consistent with HAROLD model, reduced asymmetric movements can be
attributed to the compensatory effect associated with improved functional performance of nondominant hand. However, research also suggests that a significant drop in dominant hand
function is the reason for a symmetric movement pattern in aging (Francis & Spirduso, 2000;
Teixeira, 2008). More research is needed to provide insights into the mechanism responsible for
age-related reductions in motor asymmetry.
Methods
Participants.
Forty-one young adults (21 ± 3 years, 16 males) and 25 older adults (77 ± 3 years, 1
male) participated in the study. The inclusion criteria for older participants were: 60 years of age
or older, right-handed, no or minimal neurological deficits and/or cognitive impairments (MiniMental State Examination score > 21), no restrictive cardiovascular and/or respiratory ailments,
and/or no recent surgeries. Young participants were right-handed university students who
reported no recent injury and/or disease that might impair performance in the study. Informed
consent was obtained from all participants before the study started. The project was approved by
the Institutional Review Board of the Mississippi State University.
Testing protocol and outcomes.
Participants completed the Edinburgh Handedness Inventory (Oldfield, 1971) at the
beginning of the study and then underwent two hand function assessments; i.e., the Jamar hand
function test and the Purdue Pegboard test. In the Jamar hand function test, grip strength was first
measured, followed by a tip pinch, a palmar (three-jaw chuck) pinch, and a lateral pinch.
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Participants performed each of the tests in seated position, with the shoulder adducted, elbow
flexed to ninety degrees, and forearm and wrist in neutral positions.
The Purdue Pegboard test (Lafayette Instrument Model #32020) measures manual
dexterity. The test includes four subtests which require participants to use solely their right hand,
left hand, and two subtests using both hands. Performance was scored according to the number
of pegs correctly placed in 30 seconds. Each subtest included three trials.
Statistical analysis.
A 2 (age-group: young and older) × 2 (hand: left and right) mixed-design ANOVA was
conducted to examine age-related effects on manual performance in five of the unimanual tests,
including Jamar grip strength, tip pinch force, palmar pinch force, lateral pinch force, and Purdue
Pegboard test performed by a single hand. Age-group was entered as a between-group factor
while hand was entered as a within-group factor. The dependent variables for both statistical
analyses were the score of the hand function test for grip strength, pinch force, and manual
dexterity.
We also examined the Pearson’s correlation between the left and right hand when older
and young adults were performing each task, and we attempted using a Pearson’s correlation to
identify potential associations among the tasks. As the Jamar hand function test and Purdue
Pegboard test measures different aspects of manual function, i.e., force and dexterity
respectively, correlations between the two tests may provide additional information on agerelated changes in movement patterns. All data analyses were conducted using IBM SPSS 24.
Results
ANOVA on manual asymmetry.
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For grip strength, main effects of age, F(1, 64) = 38.52, p < .001, η2 = .37, and hand, F(1,
64) = 63.27, p < .001, η2 = .50, were found to be significant. Young adults (M = 38.81, SE =
1.85) showed stronger grip force than older adults (M = 20.14, SE = 2.37). Participants also
showed more force production with the right hand (M = 30.90, SE = 1.49) than the left hand (M
= 28.09, SE = 1.54). The age by hand interaction was also significant, F(1, 64) = 5.60, p = .021,
η2 = .08. Further investigation suggested a more profound decrease in grip strength of the right
hand leading to more symmetric function of the hands in older adults (Figure B1a).
For tip pinch force, there was no significant main effect of age, F(1, 64) = 1.91, p = .17,
η2 = .03, or hand, F(1, 64) = 1.52, p = .22, η2 = .02. A comparison between the young (M = 5.54,
SE = .24) and older group (M = 4.99, SE = .31) suggested a similar test performance. Also, no
significant right-hand advantage was identified although participants produced greater strength
with the right hand (M = 5.33, SE = .21) than the left hand (M = 5.20, SE = .20). The interaction
of age by hand proved to be significant, F(1, 64) = 7.04, p = .01, η2 = .10, which was assumed to
be caused by more profound reduction of right hand strength (Figure B1b).
For palmar pinch force, main effects of age, F(1, 64) = 57.87, p < .001, η2 = .48, and
hand, F(1, 64) = 7.71, p = .007, η2 = .11, were significant, as well as the interaction between age
and hand, F(1, 64) = 8.40, p = .005, η2 = .12, which could be attributed to greater drop in right
hand strength during aging (Figure B1c).
For lateral pinch force, the analysis indicated significant main effects of age, F(1, 64) =
32.04, p < .001, η2 = .33, and hand, F(1, 64) = 14.50, p < .001, η2 = .19. The right hand (M =
7.49, SE = .25) produced greater force than the left hand (M = 7.04, SE = .24), but the hand
difference decreased in the older group compared to the young group. Such an age-related
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change may contribute to the significant interaction effect found for age by hand, F(1, 64) =
5.13, p = .027, η2 = .07 (Figure B1d).
For the manual dexterity test, a significant main effect of age was identified, F(1, 64) =
84.12, p < .001, η2 = .57, suggesting that young adults (M = 13.32, SE = .31) performed better
than older adults (M = 8.75, SE = .39). The main effect of hand proved also significant, F(1, 64)
= 17.11, p < .001, η2 = .21, which indicated higher scores for manual dexterity of the right hand
(M = 11.43, SE = .27) when compared to the left hand (M = 10.64, SE = .27). There was also a
significant interaction effect between hand and age, F(1, 64) = 9.52, p = .003, η2 = .13. This
finding suggests that manual dexterity becomes more symmetric as people age probably due to
greater age-related functional reductions of the right hand (Fig. 1e).

Figure B1.

Manual performance of young and older adults across the tasks.

(a) grip strength; (b) tip pinch force; (c) palmar pinch force; (d) lateral pinch force; and (e)
Purdue Pegboard test.
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Correlation between the tests.
A noticeable relationship existed between the Jamar hand function test for grip strength
and the Purdue Pegboard test for manual dexterity. Significant correlations between the two tests
were only found in the older group (Table B1). Further examination indicated that the Purdue
Pegboard test scores of the left hand and both hands together correlated significantly with grip
strength.
Table B1
Correlation Coefficients (r) between the Scores on the Two Tests
Purdue Pegboard scores
Right Hand
Left Hand
Bimanual Test
Assembly Test
*p < .05, **p < .01

Jamal Grip Strength
Young
Young
-0.17
0.37
0.02
0.53**
-0.05
0.41*
-0.02
0.40*

Correlation between left and right hand for each test.
The analysis indicated a significant correlation between the left and right hand for all sub
tests (Table B2). It is worth noting that between-hand correlations of the scores for the young
group is greater than the correlations for the older group. Therefore, we used Fisher Ztransformations to examine the potential differences in the correlation coefficients (Pearson’s r)
of the two groups. The result indicated that young adults showed significantly higher betweenhand correlations than older adults in all the hand strength tests, but not in the manual dexterity
test (Table B3).
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Table B2
Correlation Coefficients (r) between the Left and Right Hand for Each Task
Test
Grip Strength
Tip Pinch
Palmar Pinch
Lateral Pinch
Purdue Pegboard

Young
0.98*
0.93*
0.90*
0.93*
0.73*

Old
0.92*
0.74*
0.66*
0.71*
0.76*

*p < .001

Table B3
Fisher Z-transformation based on Correlation Coefficients between Young and Older Group
Test
Grip Strength
Tip Pinch
Palmar Pinch
Lateral Pinch
Purdue Pegboard
*p < .001

ZYoung
2.38
1.66
.147
1.67
0.93

ZOlder
1.58
0.94
0.79
0.89
0.98

ZYoung-Older
2.98
2.68
2.51
2.91
-0.22

p-value
0.003
0.007
0.012
0.004
0.826

Manual preference
Analysis of manual preference was conducted based on the handedness score of the
Edinburgh Inventory. One-way ANOVA suggested significant difference in self-reported manual
preference between young and older group, F(1, 64) = 5.60, p = .021. Older adults reported
stronger preferences for the right hand (M = 94.40, SD = 12.61) than their younger counterparts
(M = 80.98, SD = 26.53).
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Discussion
The primary purpose of the current study was to examine potential changes in manual
performance associated with aging. Different movement patterns were identified through
comparing young adults with older adults in the Jamar hand function and the Purdue Pegboard
test. Assessments on grip strength, pinch force, and manual dexterity indicated reduced manual
asymmetry in older adults. Further examination on the changes in movement patterns suggested
that the reduced manual asymmetry can be attributed to a greater degeneration of right hand
functioning which eliminates the right hand’s advantage observed in young adults (Francis &
Spirduso, 2000). The finding appears to be inconsistent with HAROLD model that predicts
improved performance in non-dominant hand because one compensates for the decreased
function of the dominant hand. Our findings provided complementary evidence to Teixeira’s
research (2008) in which an age by hand interaction for maximum grip strength was only found
be to marginally significant (p = .056). In the current study, all tests for hand strength, including
grip strength and pinch force, showed a significant interaction effect between age and hand.
Therefore, age-related effects on motor asymmetry are task specific, which implies the necessity
of relevant research in future.
A significant relationship between grip strength and manual dexterity was identified in
older adults, but not in young adults (Table B1). This finding suggests that older adults tend to
activate gross muscles even when performing motor tasks that only require fine motor skills.
However, further evidence based on muscle activity monitoring is necessary to verify the
hypothesis. A closer examination of the correlations revealed different movement patterns
between the left and right hand in older adults. No significant correlation between grip strength
and manual dexterity was identified in older adults’ right-hand performance. In contrast, left
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hand manual dexterity, bimanual, and assembly tasks were significantly correlated (Table B1).
The results might imply that changes in the left hand contribute to the significant correlation
between the bimanual and the assembly test scores with the Jamal hand function grip strength
test scores. If so, the right-hand function declines as part of the aging process, while the
movement patterns themselves remain constant. Although manual performance becomes less
asymmetric in older adults, movement patterns between the left and right hand are still distinct.
Another interesting point worth noticing is that, even though the correlations (r) were
significant in both age groups, young adults showed stronger between-hand correlations in each
task (Table B2 and B3). The finding might imply a possible rule that previous studies have not
yet discussed. It might also provide evidence that current theories in motor behavior are
incomplete and thus new theories or adaptations to existing ones need to be developed.
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